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Rapid advancement of technologies for production of next-generation Li-ion batteries will
be critical to address the Nation’s need for clean, efficient and secure transportation system
and renewable energy storage system. Advancements in materials are believed to be essential
to meet the growing demand of high-performance materials for Li-ion batteries, as well as to
bring down the battery cost (material cost) to a reasonable level. In the past decade, the
primary focus in the Li-ion battery research has been to develop new materials, which are
essential to improve the performance of the electrodes in terms of energy density, power
density and cycle life. However, no single material has satisfied all the necessary criteria
because there is a trade-off between energy and power in Li-ion batteries. Fortunately, by
tailoring the nano-scale architectures, some of the “less robust” high-energy materials have
yielded superior power density over their bulk materials, and these nanostructured materials
have come to the forefront of the battery material research. A typical example is the Liexcess composite materials adopting nanostructured morphology. These materials can attain
ii

nearly twice the capacity of commercial LiCoO2. This high capacity has traditionally been a
challenge to bulk composite materials, especially at elevated charge/discharge current density
and at low temperature.

Despite rapid advances in material development, to date, less attention has been placed on
developing approaches to commercial scale production of materials with nano to micron
features. Conventional processes such as solid-state reaction and wet-chemistry processes
have notable challenges for large-scale material synthesis of nanostructured materials,
including difficulty in controlling particle size, morphology and sometimes stoichiometry.
They can also be energy-intensive, and have challenges associated with consistent production
of uniform powders at scale-up. Motivated by the above, this work aims to develop new
processes that are commercially viable for large-scale production of state-of-the-art battery
materials. Aerosol synthesis is a standard industrial method for producing powders with
controlled particle size. The materials producing in aerosol processes can have a variety of
morphologies, from one-dimensional to three-dimensional structures. Spherical particles are
desirable in the Li-ion battery industry because high packing density is required. In this
research, spray pyrolysis and flame spray pyrolysis are successfully developed to produce
high-quality, spherical cathode materials. These processes have many advantages over
conventional processes including: (1) the ability to consistently produce uniform porous
spherical particles, (2) low-cost, (3) simplicity, and (4) precise control over particle
composition and crystal structure. This research will not only provide a basic understanding
of the aerosol process for synthesizing nanostructured cathode materials, but also strategies
for industry practice in aerosol processing of state-of-the-art battery materials.
iii

The dissertation includes the following achievements in developing an aerosol approach to
synthesis of cathode materials. This work, for the first time, demonstrates the synthesis of
spherical-shape spinel cathode powders using a hydrogen diffusion flame. A basic
understanding of the relationship between flame temperature and structure, physical and
chemical properties of the produced powder, and electrochemical system are provided. In
particular, flame-made nanostructured 4 V LiMn2O4 and 5 V LiNi0.5Mn1.5O4 cathode
materials have shown comparable performance to those from conventional processes. A
spray pyrolysis was also developed to address the synthetic conditions for synthesizing the
integrated

layered-layered

xLi2MnO3!(1-x)LiNi0.5Mn0.5O2

and

layered-spinel

Li(1.2-δ)Ni0.2Mn0.6O(2-δ/2) composite materials for high-energy Li-ion batteries. The composite
materials obtained from spray pyrolysis shared some common morphological characteristics:
spherical in shape, meso- to macro porous, polycrystalline, highly uniform inter- and intraparticles.

In

particular,

the

layered

Li1.2Ni0.2Mn0.6O2

(equivalent

to

0.5Li2MnO3!0.5LiNi0.5Mn0.5O2) material displayed the highest capacity (c.a. 250 mAhg-1)
among all cathode materials ever made with spray pyrolysis. Furthermore, the
nanostructured composite materials showed electrochemical performance comparable to,
and in some aspect better than those materials produced via coprecipitation, the standard
method of synthesis.
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Preface
Energy supplies have become critical to maintain sustainable global development in the
21st century. With the rapidly growing economies and populations there is an increasing
global demand for energy, especially crude oil. According to the Energy Information
Administration (EIA), the U.S. consumed approximately 19 million barrels of oil per day
in 2009, of which over 50% were imported. Early in his presidency, President Obama
defined a long-term strategic goal to reduce our dependence on imported oil, and during
his 2011 State of the Union Address he put substance to this by setting a goal of putting 1
million electric vehicles (includes plug-in hybrid, hybrid and all electric vehicles) on the
road by 2015. Furthermore, it is anticipated that 100 million to 200 million electric
vehicles will be deployed by 2030, which would reduce the projected demand for
imported oil by approximately 4 million barrels/day.

Furthermore, the consumption of petroleum in transportations leads to the emission of
green house gases, which can have adverse effects on global climate. Electric vehicles
offer the potential to reduce these effects by introducing vehicles that have zero tailpipe
emission; plug-in hybrid and hybrid electric vehicles, to a lesser extent, can reduce these
emissions and maximize the efficiency. Developments in U.S. Department of Energy’s
(DOE’s) Vehicle Technologies Program focus on lithium ion based electrochemical
energy storage system due to the high theoretical capacity and electrochemical potential.
Li-ion battery technology can provide a reliable rechargeable system to meet the demand
xix

for clean and high-efficiency transportation. Aside from the demand of electric-powered
vehicles, of particular interest is the electric energy generated from intermittent
renewable resources, e.g., solar and wind, which requires electric energy storage with
superior cycle life and calendar life to ensure a steady supply of electricity. Germany is
the leading country in wind-power utilization; however, in 2006 15% of the energy was
lost due to the lack of suitable electrical energy storage. Lithium-ion batteries are
projected to provide stationary storage, enabling the effective use of renewable energies.

Regardless of the applications of Li-ion batteries, high performance, long-life, safe and
low cost batteries are always desirable. Performance is constrained mainly by energy
density and power density at low and high temperatures. Life refers to battery cycle life
and calendar life. For example, hybrid electric vehicles require battery packs with an
estimated 10-15 year lifetime and a goal of 300,000 cycles. Safety is also critical in that
short circuit, thermal runaway and explosions must be prevented. As a commercial
product, the materials applied in battery systems should have little and no toxicity.
Currently, the cost of Li-based batteries is approximately $800 to $1,000/kWh, a factor of
about two to five too high. The high cost is constrained by the raw materials cost,
material processing, module packaging and manufacturing cost. Materials account for
approximately 30% to 60% of the total cost of a PHEV battery pack, with the cathode
sharing c.a. 50% of the material cost. The above-mentioned technology challenges and
barriers are essentially material-related (chemistry and manufacturing). Poor power
density and low-temperature performance are mainly diffusion problems in the cell, and
loss of power and capacity is due to fatal structure fracture, phase transition, and
xx

consumption of electrolyte. Moreover, the high production costs of state-of-the-art active
materials creates serious cost barriers that must be addressed to achieve and satisfy a
long-term battery market. Therefore, the goal of his work is to develop commercially
viable material synthesizing processes to reduce the processing cost without sacrificing
the performance of the Li-ion batteries.

xxi

Chapter 1!
Background
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1.1!

Demand for Li-ion Batteries

Since the invention of the zinc/copper Voltaic Pile battery in 1800, batteries have become
the most common energy storage devices for daily use and for many industrial
applications. An electric battery contains one or more electrochemical cells that convert
between chemical energy and electrical energy. The batteries are classified mainly into
two categories: primary and secondary batteries. The primary battery can only convert
chemical energy to electrical energy, thus they consist of non-rechargeable cells.
Batteries that can restore their chemical energy or original chemical composition by
supplying an electrical current are called secondary (or rechargeable) batteries. The first
rechargeable battery, the lead-acid cell, was invented in 1859. A lead-acid cell consists of
a lead anode and a lead oxide cathode immersed in a sulfuric acid solution, with the
redox shuttle between elemental Pb and Pbn+ supplying the current. The lead-acid battery
is still widely used today in automobiles. Despite the low material cost, a lead-acid
battery has a very low energy density (per unit of mass or volume). In the mid 1900s, the
nickel-cadmium (NiCd) and nickel-metal hydride (NiMH) secondary batteries were
developed. These have an improved energy density, 40-60 Whkg-1 and 30-80 Whkg-1,
respectively. Nonetheless, the metal Cd and rare earth elements used in these batteries are
very expensive, so NiCd and NiMH batteries are not suitable for large-scale applications.
Since the first demonstration of intercalation chemistry in a rechargeable Li-ion cell in
the 1970s, the Li-ion battery technology has been undergoing rapid expansion in research,
industry and market, because it has the highest volumetric and gravimetric energy
densities among the conventional battery technologies, as shown in Figure 1.1. Li-ion
2

batteries are considered to be the most promising electronic energy storage intermediates
for portable electronics, transportation and large energy storage facilities for renewable
energies that require higher energy densities. The electric storage needs range from milliwatts to mega-watts for these applications.

Figure 1.1 A comparison of energy density of different battery technologies (Ref. [1]).

Currently, the main driving force for the fast development of Li-ion battery technologies
is to address the need for high-efficient and green ground transportation systems. Hybridelectric-vehicles (HEVs) initially drew much attention due to their improved efficiency
(saving gasoline), where the battery is charged during braking [2] or spinning of an
electric-generator by an on-board IC engine that operates a peak cycle performance. The
battery in the HEV is repeatedly charged and discharged during normal driving, which
requires good battery cycleability at shallow discharge (e.g., > 300,000 cycles, 30% state
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of charge, SOC). The next generation of electric vehicles might be plug-in hybrid electric
vehicles (PHEVs), in which a larger battery pack is used and it can be fully charged by
plugging it into an external electric power source. Similar to a HEV, a PHEV combines
an internal combustion engine and an electric motor. At normal operating conditions, the
battery pack powers the vehicle, and when the battery is nearly depleted the internal
combustion engine kicks on as a backup, giving a long driving range. Meanwhile, the
heat from the internal combustion engine can provide heat and defogging/deicing at lowtemperature environments [2]. The PHEV battery needs to supply high energy with
weight and volume constraints for long-range driving, and it needs to be functional after
deep cycles (5,000 cycles, # 50% SOC). All electric vehicles (EVs) rely on batteries that
need to be recharged or swapped out after draining the battery. Concerns about EVs
include: driving range, price and availability of charge stations. For all these applications,
in order to achieve commercial success the batteries need to be low cost, have long cycle
and calendar life, high energy/power density, and be tolerant to abusive conditions, have
low toxicity and safely operate.

1.2!

Fundamentals of Li-ion Batteries

1.2.1

Reaction Mechanism in Lithium-ion Batteries

Batteries (or cells) are comprised of an anode and a cathode, separated by a porous
separator. In conventional electrochemistry, the anode supplies electrons to the external
4

circuit during discharge, and is being oxidized. The cathode then accepts electrons and is
being reduced. Considering the external electron circuit, the anode is the source of
electrons, thus it is the negative electrode, and the cathode is the positive electrode. In a
Li-ion secondary cell, the anode and cathode are soaked in electrolyte and separated by
an ionic conductive separator, as shown in Figure 1.2. Li ions migrate between the
cathode and anode through the separator during charge and discharge. Electrons can only
migrate through the external circuit thus avoiding internal short-circuit of the battery.
During charge, the Li cations move toward the anode and electrons are released to the
external circuit. Discharge is the reversed process where Li ions are transported back to
the cathode host from the anode and electrons move back to the cathode through the
external circuit. The anode material is typically porous carbon (e.g., graphite), lithium
titanate (Li4Ti5O12) or lithium alloys. The cathode materials are typically transition metal
oxides, such as layered Li[M]O2 (M = Co, Ni, Mn), spinel Li[M’]2O4 (M’ = Ni, Mn or
combination of them), olivine-type Li[M”]PO4 (M” = Fe, Mn) and their derivatives [3, 4].
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Figure 1.2 A schematic of the charge/discharge mechanism of a Li-ion cell.

The intercalation reaction or de-intercalation reaction is the most important reaction
mechanism for Li-ion rechargeable batteries, and involves the insertion of the guest
species, i.e., Li ions, into interstitial sites in the crystal without changing the basic crystal
structure. The intercalation chemistry in the Li-ion battery system was first proposed by
M.S. Whittingham, who studied the Li insertion reaction into layered-type cathode
materials, i.e., LixTiS2 [5]. The intercalation reaction is a reversible process, in which Li
ion can be repeatedly be extracted from or inserted into the host materials. If both the
anode and cathode are intercalatable in a way that the Li ions can be transported between
the two electrodes during charge and discharge, this is commonly referred to as the
6

“rocking chair” mechanism [6]. A common examples of “rocking chair” type batteries is
graphite(-)/LiCoO2(+) or graphite(-)/LiMn2O4(+). The insertion reactions normally occur
when the host has an open framework or a layered-type crystal structure, so that small
ions like Li can reside in the space available in a continuous manner as seen in Figure
1.3(left), which is called solid-solution reaction. The voltage of the cell varies
continuously with Li content in the host material. The reaction in the cathode can be
written as the following:
!!!"! ! !! ! !"! !!

!

"#$#%!

where M is the solid-solution host material on the cathode side and x indicates
stoichiometric coefficient for Li. Layered LiCoO2 and LiNi1/3Mn1/3Co1/3O2 are solidsolution type cathode materials displaying a smooth voltage profile at discharge. On the
other hand, sometimes multi-phase reactions occur during insertion/extraction of Li,
where there is an interface separating the host into two regions. Thermodynamically, the
multiphase reconstitution occurs resulting in a set of constant-voltage plateaus. The
reaction can be written as:
!!"! ! ! !! ! !!!"!! ! !

"#$&%!

Where M’ is the host material on the cathode side, and LiM’ is the lithiated phase during
the two-phase reaction. There is an interface between lithiated LiM’ and M’, which
moves as more Li ions being inserted. For example, spinel LiMn2O4 and olivine LiFePO4
show two-phase reactions with at least one voltage plateau.
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Solidsolution reaction

Twophase reaction

Figure 1.3 A schematic illustration of solidsolution reaction (left) and twophase reaction (right).

1.2.2

Electrochemistry of LiIon Batteries

The driving force for the reactions across the cell is the difference in chemical potentials
of the two electrodes. It is expressed as the standard Gibbs free energy change per mole
of the reaction, !Grº, determined as the difference in the standard Gibbs free energy
change of formation between products and reactants. The balance between !Grº and
molar electrostatic energy of electrically charged species –zFEth is
!!!! ! !!"!!! !

!

"#$%&!

where Eth is the theoretical voltage of the cell under equilibrium conditions, F is the
Faraday constant (96,487 Coulombs per equivalent), z is the charge number of the ionic
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species (e.g., z = 1 for Li+). The cell can hold an electrostatic potential with extremely
slow self-discharge because the separator only allows the penetration of Li+. The
electrolyte and separator are ionic conductive, thus the transportation of electrons
between the two electrodes in the cell is eliminated. Note that the practical voltage of a
cell Eout is not always equal to Eth. Impedance always exists due to the transport of ions in
the cell and this may cause a voltage drop. The impedance Z is the instantaneous ratio of
the applied voltage to the response (i.e., current) across the circuit, when time-dependent
changes in structure or composition occur. When the current flows internally in the cell,
the output voltage can be written as:
!!"# ! !!! ! !!"# !! ! !

"#$'%!

Several parameters are important to determine the electrochemical performance of a cell
or an electrode material. Specific energy density is the energy available per unit weight
(Whkg-1). On the other hand, energy density refers to the amount of energy per unit
volume (WhL-1). Energy density is very important for PHEVs and EVs where there is
limited space available for battery packs. Specific capacity, or simply capacity (mAhg-1,
or Ahkg-1) is normally used in galvanic cells at certain working potential. Maximum
theoretical specific capacity can be calculated from the chemistry of the reactant engaged
in the reaction. In reaction (1.1), the theoretical capacity of LixBX is simply calculated as
!"#$%&%$!!"#"!$%&! !"!!!! !
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where x is equivalent of Li in LixBX, z is the net charge of Li ions, MWt is the molecular
weight of LixBX, in gmol-1. Also note that the product of xzF is total charge in Coulombs
per equivalent involved in the reactions. For instance, the theoretical capacity of LiMn2O4
is c.a. 148 mAhg-1 if all Li is extracted from the spinel structure during charging. It’s not
hard to see that higher Li-content in the host materials may contribute to higher galvanic
capacities.

The charge/discharge voltage profile is normally plotted against specific capacity, or state
of charge (SOC) or depth of discharge (DOD). SOC is the battery’s charge level, usually
expressed as a percentage of full charge (0-100%). DOD is another term to describe the
level of depletion in the battery. DOD is opposite to SOC, thus their sum equals 100%.
Figure 1.4 shows the voltage profile of common cathode materials plotted against
specific capacity. LiFePO4 shows a typical two-phase reaction mechanism that the
voltage displays as a plateau, as discussed earlier. The layered compounds LiCoO2,
LiNi1/3Mn1/3Co1/3O2, LiNi0.8Co0.15Al0.05O2 (NCA) and the Li-excess composite material
(composition unknown) have displayed a typical single-phase solid solution behavior in
that the voltage declines slowly at discharge. The integration of the voltage with respect
to the specific capacity gives the theoretical specific energy density (Whg-1 or kWhg-1) of
the cathode material, as well as the energy density (WhL-1) if divided by the material
density. Additionally, Figure 1.4 shows that the excess-Li composite material has the
highest energy density among these cathode materials, making it very attractive for highenergy applications.
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Figure 1.4 Discharge profile of current cathode materials. (Source: !"#$%&"'()*+'#*,($#-.*/&'#0-$*
12!*"(*&3$*4$3"%5$*6$%3('5'-"$)*7#'-#08, DOE, 2010)

Cycle life is critical for a Li-ion cell, and refers to the number of times a cell can be
effectively recharged before its capacity becomes too low. Coulombic efficiency is the
fraction of the prior charge capacity that is available during the discharge. Higher
coulombic efficiency means a better cycleability of a cell. Another important parameter is
the C-rate, the rate at which a battery is discharged. C-rate is normally expressed as C/R,
where R is the number of hours required to completely discharge a cell within this normal
capacity range. For example, a LiMn2O4 cell normally has a practical specific capacity of
120 mAhg-1. At a C/10 discharge rate, the cell can be fully discharged in 10 hr and the
corresponding current density will be 12 mAg-1. At elevated C-rates, the observed voltage
will depart from the equilibrium for kinetic reasons. In fact, there may not be sufficient
time to attain compositional or structural changes that should occur under equilibrium
11

conditions. In particular, battery discharge is a diffusion-controlled process, whereas Li
ions diffuse between the anode and cathode hosts through the separator. Therefore,
diffusion of Li becomes the rate-limiting factor at low temperature or high C-rates.
Micro- and nano-scaled particles can minimize the diffusion path length in slow-diffusion
phase and also accommodate volume change with minimal risk in structural failure,
hence making this attractive for high-power batteries. Models based on Fick’s second law,
Ohm’s law and Butler-Volmer kinetics have been developed to parameterize the transport
phenomena, e.g., diffusion coefficient, and predict the battery performance (specific
energy density and cycle life).

1.3!

Materials for Li-ion Batteries

1.3.1

Anode Materials for Li-ion Batteries

Elemental lithium was used as the anode material in the early development of Li-ion
batteries. However, when elemental Li is used, problems arise with respect to poor cycle
life or failure of the cell. The reason for this is the formation of branched dendrites, which
will penetrate the membrane separator and short-circuit the cell. Another reason for
avoiding Li metal is safety concerns associated with elemental Li at elevated
temperatures, especially in electric vehicles. Alternatives materials with novel micro- or
nanostructures have been developed to improve the cycle life or energy density of the
anode in the Li-ion batteries.
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Carbon, specifically graphite, has been extensively studied as an anode material because
of the extremely low cost. Li can be inserted between graphene layers of the host graphite
structures to form graphite intercalation compounds (GIC) [7, 8]. The practical capacity
of the graphite electrode is about 372 mAhg-1, and the half reaction can be written as
!!!" ! ! !!! ! ! !!!! ! !"! !! !!

"#$)%!

Graphite arranges in a stack of layers of carbon planes and the interplanar spacing
provides a host for Li ions. The graphite structure is commonly described as -A-B-A-Bstacking (A, B: carbon layers), in which the B layers are shifted with respect to the A
layers. By the insertion of lithium, the structure will change to -A-I-A-I- stacking (I: guest
layers or intercalated layers) [7]. The carbon layers stack together and become equivalent
to each other after complete insertion of Li. One important problem with Li-graphite
anode is that the maximum concentration of lithium in the graphite structure is achieved
with one Li per six carbons (LiC6), resulting a low carbon usage and low energy density.
In addition to that, some irreversible capacity loss has been observed during the first few
cycles due to the formation of solid electrolyte interface (SEI layer) on the carbonaceous
electrode [9, 10]. Recently, a variety of carbon-base materials with novel micro- and
nanostructures have been studied to improve the capacity and cycling performance of the
anode, e.g., carbon fibers (CFs) [11, 12], carbon nanotubes (single-walled or multi-walled)
[13, 14] and mesocarbon microbeads (MCMB) [15-17]. The spherical shape of MCMB
particles offers a high packing density, and its low surface area reduces the amount of
side reactions resulting in good cycleability.
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Another attractive anode material is silicon, which has a low discharge potential vs. Li
and the highest known theoretical capacity (4,200 mAhg-1, charging) [18]. In an Si anode,
maximum intercalatable Li is 4.4 per Si [19], resulting in a high energy density. However,
the severe volume expansion (about 300%) of the Li-Si anode will cause structural failure
after repetitive insertion/extraction of Li at full SOC, deteriorating the capacity and
cycling performance [20]. Recent studies have shown that nanostructured Si, e.g., Si
nanotubes [19] and nanowires [18, 21], core-shell Si/C, can reduce volume expansion and
improve the cycle life.

1.3.2
A)

Cathode Materials in Li-ion Batteries
Materials with the Layered Structures Li[M]O2

Many materials have been demonstrated to be electrochemically active (intercalation)
compounds for the cathode in Li-ion batteries. The first Li intercalation reaction was
demonstrated with a Li/TiS2 cell in 1976 [5, 22]. The cathode material TiS2, shows a twodimensional layered structure, and can form LixTiS2 (where 0 $ x $ 1) with the insertion
of Li. The Li/TiS2 cell shows an open circuit voltage of 2.5 V and an energy density of
480 Whkg-1. However, the Li/TiS2 cells were found to be unsafe due to the elemental Li
anode with the liquid electrolyte [1]. Although, Li-Al alloy anodes were later developed
to replace elemental Li, the volume change of such lithium alloy deteriorated the
cycleability of the cells [1].
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Another important two-dimensional layer-structured cathode material LiCoO2 was
discovered by Goodenough in the 1980s [23]. LiCoO2 is iso-structural to α-NaFeO2 (R!m
symmetry) with the oxygen atoms in a cubic-close-packed (ccp) arrangement, as seen in
Figure 1.5. In the ideal layered materials, Li and Co atoms occupy the octahedral
interstitial sites, and CoO2 layers are formed consisting of edge-sharing [CoO6] octahedra
when the Li/transition-metal ratio is unity or less [4, 24]. After complete extraction of Li,
the oxygen layers will rearrange themselves and form hexagonal-closed-packed (hcp)
structures of the oxygen atoms in CoO2. However, only one half of the Li in LiCoO2 is
reversibly cycled, because deep removal of Li will cause a phase change (-ABCA- to
-ABA- stacking sequence) leading to poor structural stability. Moreover, upon completely
extraction of Li (overcharge), the voltage of Li/LiCoO2 cell can ramp up to 4.7 V, which
causes decomposition/oxidation of the organic electrolyte [24]. Moreover, the heat
released during the overcharge may cause thermal runaway, being unsafe for consumers.
Thus, the charging of LiCoO2 cell is restricted and its capacity is expected to be c.a. 130150 mAhg-1 between 2.5 and 4.3 V vs. Li/Li+. The C/LiCoO2 batteries (C: graphite anode)
lead to the first large-scale commercialization of Li-ion secondary batteries by SONY
Corp. in early 1990s [4]. Although LiCoO2 has dominated the current Li-ion battery
market for years, the limited availability of cobalt makes it rather expensive for larger
scale applications, e.g., HEVs and EVs. Thus, LiCoO2 is limited to the cathode battery
material for small electronics, e.g., cell phone batteries and laptop batteries.
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Figure 1.5 The 3-D crystal structure of layered Li[M]O2, where M=Co, Ni, Mn.

Alternatively, different layer-structured lithium metal oxides with the general formula of
Li[M]O2 (M = Ni, Mn or a combination with Co) have also been developed. LiNiO2 is
considered as an isostructural to α-NaFeO2 with R!m symmetry. The redox potential of
LiNiO2 is 0.25 V lower than that of LiCoO2 electrode, making it more stable against
electrolyte oxidation. Meanwhile, about 0.65 Li per unit formula in LiNiO2 can be
intercalated, which can provide a capacity of over 150 mAhg-1 between 2.5 and 4.2 V
[25]. Unfortunately, stoichiometric LiNiO2 is difficult for synthesis due to the disordering
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of Li and Ni ions [26]. In the disordered LiNiO2, Ni ions at 3(a) sites will displace with Li
ions at 3(b) sites and these Ni ions presumably will block Li diffusion pathways.
Therefore, LiNiO2 often shows very poor electrochemical performance during repeated
Li insertion/extraction. Both synthetic optimization and partial substitution of Ni with Co
or Mn have been studied to limit the Li-Ni disordering. LiNi0.5Mn0.5O2 and
LiNi1/3Mn1/3Co1/3O2 have successfully shown improved structural stability during cycling.

LiMnO2 synthesized at high temperature (e.g., 800 °C) is thermodynamically stable as an
orthorhombic structure with Pmmn symmetry. o-LiMnO2 can convert to the more stable
spinel structure upon cycling, thus yielding a poor cycleabilty of the electrode [4, 24].
Within the Li-Mn-O system, Li2MnO3 is another layered-type material with rock-salt
structure, in which the Li and Mn occupy all the octahedral sites to form a layer of Li
ions and a mixed layer of Li and Mn ions [27, 28], as seen in Figure 1.6. Hence Li2MnO3
can be reformulated as Li[Li1/3Mn2/3]O2 in a solid-solution expression. Since all the Mn is
tetravalent and it can’t be further oxidized, therefore Li2MnO3 is considered to be
electrochemically inactive for Li-intercalation reactions [28, 29]. Despite the inactivity,
Li2MnO3 is an attractive alternative for LiCoO2 because of the high theoretical capacity,
c.a. 458 mAhg-1 if assuming all the Li can be extracted [30]. It has been reported that
Li2MnO3 can deliver 140 to 200 mAhg-1 after the removal of Li2O by acid etching [31,
32], ion exchange [29] or electrochemical activation [33]. Li2MnO3 is an interesting
material because it can integrate with layered Li[M]O2 forming a “composite” material
with advanced electrochemical properties [33-37]. These composite materials will be
discussed in the chapters to follow.
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Figure 1.6 The 3D crystal structure of layered Li2MnO3.

B)

Materials with the Spinel Structure Li[M2]O4

The cubic spinel has a general formula Li[M2]O4 possessing a Fd!m space group
structure. As seen in Figure 1.7, the oxygen anions form cubicclosepacked (ccp) arrays
occupying the 32e sites; the Li cations occupy 1/8 of the tetrahedral sites (8a), and the M
cations occupy half of the octahedral sites (16d) [38]. In the spinel LiMn2O4 structure, the
lithium and manganese ions occupy the tetrahedral (8a) and octahedral (16d) sites
respectively, and oxygen atoms form ccp arrays. The spinel shows a 3D framework
structure, thus, Li can be intercalated at a higher rate. The fast insertion/extraction of Li
can lead to high power density, thus it is very important for the application of fast
charge/discharge batteries.
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Figure 1.7 The 3-D crystal structure of spinel LiMn2O4.

The intercalation reaction in cubic spinel LiMn2O4 was initially studied by Goodenough,
et. al in 1983 [39]. Spinel LiMn2O4 is thermodynamically more stable than layered
LiMnO2, and also shows a flat potential plateau in the 3 to 4 V region, as seen in Figure
1.7 [40]. As Mn is cheaper and more abundant than Co, this material has gained attention
as an alternative to LiCoO2. The insertion/extraction of Li ions in the spinel framework
involves two distinct steps: lithium insertion/extraction into tetrahedral sites (8a), which
occurs at about 4 V; at 3 V, lithium insert/extraction into the octahedral (16c) sites
forming a tetragonal spinel Li2Mn2O4. The Li-extraction reaction across the cell can be
written as:
!!! ! !"!"! !! ! ! !"!!!!! !"! !! ! !!!" ! ! !!! ! ! !

"#$*%!

!!! ! !"!!!!! !"! !! ! ! !"!"! !! ! !!!" ! ! !!! ! ! !

"#$+%!
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As seen in Figure 1.8, as the Li content in the LixMn2O4 electrode changes at discharge,
there are series of reactions occurring, which can be characterized into three regions [40].
In region I, where two cubic phases coexist, a plateau near 4.1 V can be seen. In region II,
the voltage profile turns into an “S” shape and drops slowly, where it is considered as a
single-phase (cubic) solid-solution. In region III, a cubic and a tetragonal phase coexist,
thus a two-phase plateau is observed. However, in the 3 V region, a cubic-to-tetragonal
transition from LiMn2O4 to Li2Mn2O4 will cause structure failure, which is known as
Jahn-Teller distortion, and thereof severe capacity fading. The distortion will lead to 16%
increase in the c/a ratio and 6.5% volume increase of a unit cell. This severe change of
the electrode will deteriorate the structure integrity during charge/discharge cycles, thus
showing rapid capacity fade (loss of capacity) at 3 V. Thus, spinel LiMn2O4 is
categorized as a 4 V cathode material. The theoretical capacity of spinel LiMn2O4 is 148
mAhg-1 in both 4 V and 3 V regions. However, normally 120 mAhg-1 can be achieved,
whereas about 0.4 Li per Mn is intercalatable practically at 4 V. However, LiMn2O4 still
exhibits capacity fade during cycling at 4 V. The reason for the fading is believed to be
the Jahn-Teller distortion associated with the Mn3+ ion, loss of crystallinity, as well as
decomposition of the electrolyte at high temperature and high charge/discharge voltage. It
is generally accepted that by doping the spinel with foreign metal cations (e.g., Li, Co, Ni,
Cr, Fe, Al, and Mg) to stabilize the structure, the Li-ion battery performance can be
improved, eventually reducing capacity fading [41]. Some studies have indicated that the
cycleabilty of LiMn2O4 electrodes at 3 V can be improved and the kinetics of reversible
insertion can be achieved by decreasing grain size into the tens of nanometers range [42,
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43]. The reason was understood to be that the strain within the particle that was induced
from Jahn-Teller distortion dissipates in random directions, preventing structural failure.

Figure 1.8 Open circuit voltage profile of LixMn2O4 (Ref. [40]).

Recently, it has been reported that with significant increases in the substitution of Mn, i.e.,
25% substitution, with transition metals, the doped spinel shows a higher working
potential near 5 V and also retains a good discharge capacity [44-47]. Among the 5 V
spinels, nanostructured LiNi0.5Mn1.5O4 (Ni2+, Mn4+) has drawn special interest for its
specific electrochemical characteristics: high capacity (130 -140 mAhg-1), a working
voltage plateau at 4.7 V and good cycling performance at elevated charge/discharge rates
[46, 48, 49]. The high-voltage plateau of LiNi0.5Mn1.5O4 during cycling is known to be
the result of the Ni2+/Ni4+ redox couple, compared to the Mn3+/Mn4+ redox couple in the
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traditional 4 V spinels. LiNi0.5Mn1.5O4 has two stable crystallographic structures:
disordered Fd!m space group and ordered P4332 space group, which are stable at
different synthetic conditions [46, 50, 51]. It has also been found that nano-sized
disordered spinel-LiNi0.5Mn1.5O4 (Fd!m) shows better cycling performance at highdischarge rate than the ordered structure [50, 52, 53].

C)

Olivine-Type Lithium Phosphates Li[M]PO4

Olivine-type lithium iron phosphate LiFePO4 is considered as another promising material
for large-scale applications. Olivine-phase LiFePO4 was first discovered by Padhi, et al.
in 1997 and synthesized by a solid-state reaction [54]. LiFePO4 has a high theoretical
capacity of 170 mA h/g, and a flat potential plateau at 3.5 V versus Li/Li+. The flat
voltage curve indicates that the insertion and extraction of Li during charge and discharge
proceeds through the reaction:
!"#$%&! ! ! !"!!!!! !"#!! ! !!!"#$! ! !!!" ! ! !!! ! !

!

"#$,%!

Olivine LiFePO4 (M2XO4) belongs to the NASICON framework family (a family of Na
super-ionic conductors) that shows high stability and allows good insertion and extraction
of lithium ions [55, 56]. LiFePO4 has an olivine structure (space group: Pnma), in which
FeO6 octahedra share common corners with each other, as shown in Figure 1.9 [1]. Li+
and Fe2+ occupy half of the octahedral sites and P5+ is in 1/8 of the tetrahedral sites, in an
hcp oxygen array. Olivine LiFePO4 can also be considered as a special case of spinel
X[M2]O4, but the M sites are crystallographically distinct and different in size.
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Figure 1.9 The 3-D crystal structure of olivine LiFePO4.

Nevertheless, pure LiFePO4 has a very low conductivity at room temperature (10-9 Scm-1),
compared to other well-known lithium cathode materials, e.g., LiCoO2 (10-3 Scm-1) [57]
and LiMn2O4 (10-4 Scm-1) [58]. This low conductivity results in losses of capacity during
high-rate discharge at room temperature [59]. The reason for the low conductivity is
widely accepted as the one-dimensional Li diffusion pathway and the low interfacial
diffusivity of Li+ ions. As a result, the current density is small for LiFePO4 electrodes at
room temperature. Many efforts have been made to overcome the low conductivity of
LiFePO4, by, for example, coating the material with carbon to form LiFePO4/C
composites [60-64], reducing particle size [65-67], and doping with metallic elements
[68-71], which adds to the manufacturing complexity and cost.
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1.3.3

Summary of Status of Advanced Battery Development

Table 1.1 summarizes the characteristics of some promising lithium-ion batteries in
various stages of development mainly for PHEVs and HEVs in the year of 2007 [72].
Graphite and lithium titanate are the key candidates for the anode in Li-ion batteries due
to the low material cost and ease of manufacturing. NCA-graphite and LFP-graphite
batteries are both in pilot-scale development, however, thermal runaway in NCA
electrodes and high manufacturing cost for preparing nano-sized LiFePO4 material appear
to be the main technical barriers that need to be resolved [72]. A spinel-spinel coupled
battery system applies spinel-type materials in the cathode and anode. Despite the fact
that the spinel-type batteries have a low specific capacity and low operation voltage, the
high power output and excellent cycle life make them still attractive. MN-graphite system
has the highest capacity, which can lead to a reduction in battery weight. MN
(Li1.2Ni0.2Mn0.5O2) can be considered as a Li-excess composite material, which integrates
more than one phase at the molecular level. The state-of-the-art composite materials
require further development because proper material processing and nanostructured
architecture are critical for achieving superior performance.
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Table 1.1 Selected Li-ion Battery System Applied for PHEVs.

System

NCA-Graphite

LFPGraphite

MS-TiO

MNS-TiO

MN-Graphite

Cathode
Material
Capacity
(mAhg-1)
Anode
Material
Capacity
(mAhg-1)
Voltage at
50% SOC
Safety

LiNi0.8Co0.15Al0.05O2

LiFePO4

LiMn2O4

LiNi0.5Mn1.5O4

Li1.2Ni0.2Mn0.6O2

155

162

100

130

275

Graphite

Graphite

Li4Ti5O12

Li4Ti5O12

Graphite

290

290

170

170

290

3.6

3.35

2.52

3.14

3.9

Fair

Good

Excellent

Excellent

Excellent

Life Potential

Good

Good

Excellent

Unknown

Unknown

Cost

Moderate

Moderate

Low

Moderate

Moderate

Status

Pilot Scale

Pilot Scale

Develop.

Research

Research

1.4!

Overview of Synthesis Processes for Cathode
Materials

1.4.1

Solid-State Reactions

Solid-state reaction is also called dry-media reaction as a solvent is not used during the
chemical reaction. Solid-state reaction is widely used in many industries, because the
process costs are low and it is very simple. Layered LiCoO2, the first commercialized Liion battery cathode material, was initially synthesized via the solid-state reaction of
lithium carbonate and cobalt carbonate [23]. Later, this group developed two other
attractive cathode materials: spinel-LiMn2O4 and olivine-type LiFePO4 via solid-state
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reaction methods, as seen in Table 1.2 [39, 54]. Since then, solid-state reaction has
become a conventional approach to the synthesis of lithium transition metal oxides and
lithium iron phosphate and their derivatives for Li-ion batteries [73-81]. The
characteristics of the powders are affected by the properties and purity of the precursors
[82]. Moreover, long time calcination for complete reaction and grain growth is required,
and mechanical grinding is needed to obtain the desired particle size and morphology
[83-85]. Generally, long mechanical milling is required to grind the powder to the desired
sizes. As a result, particle size, morphology and homogeneity are difficult to control. It is
known that a finer particle size is needed to improve electrochemical performance, e.g.,
rate capabilities. The size obtained with a solid-state reaction is practically limited and
thus significant improvements in performance are not anticipated with this method.
Alternative synthetic routes have been developed trying to overcome the disadvantages of
the solid-state reaction method described above, such as co-precipitation [86-88], sol-gel
method [89-91], and the hydrothermal method [92-94].

Table 1.2 Precursors and reaction conditions in the solid-state reactions for cathode materials
originated by Goodenough $&*05.

Materials
LiCoO2

[23]

Li

Transition

Heating

Time

Post

Time

source

metal source

/ °C

/ hr

heating / °C

/ hr

Li2CO3

CoCO3

900

20

Yes

N/A

[39]

Li2CO3

Mn2O3

650

12

850

24

LiFePO4 [54]

Li2CO3

Fe(C2H3O2)2

300-350

N/A

800

24

LiMn2O4
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1.4.2

Wet-Chemistry Processes

Wet-chemistry processes require solvents and sometime additives to produce materials
with desired chemical composition and morphology, and they are more sophisticated than
solid-state reactions. Typical wet-chemistry processes involve hydrothermal, sol-gel and
coprecipitation methods. A variety of materials can be produced via wet-chemistry
processes, including SnO2, V2O5, layered LiMO2 (M=Li, Co, Mn, Ni, or a combination of
them), spinel LiMn2O4, Olivine LiFePO4 and LiMnPO4. Compared to solid-state
reactions, wet-chemistry is a low temperature synthesis process, therefore, the asproduced powders are very small in size, sometimes showing unique morphologies such
as aggregates [95], wires [96], rods [97], flakes [98] and spheres [37, 99], as shown in
Figure 1.10.

The sol-gel method can be described as a four-step process: (1) mixing of the precursors
and gelation agents with control over pH; (2) sol formation (e.g., at 70 to
80 °C); (3) gel formation (e.g., at 70 to 80 °C); (4) calcination of the gel to form solid
powders at c.a. 300 °C. Normally post-calcination at a higher temperature is required to
obtain the desirable crystalline phase. The Li and other metal precursors are selected from
metal hydrates, nitrates, acetyl-acetonates etc. The organic gelation agents should have
hydrophilic functional groups, like citric acid, polyacrylic acid (PAA) and polyvinylpyrrolidone (PVP) [100].
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a

b

c

d

e

Figure 1.10 Various powder morphologies from wet-chemistry processes.

The hydrothermal process is similar to the sol-gel process, except for the absence of the
gelation agent and the different heating temperatures. The precursor solution containing
metal salts and surfactant is placed in a low temperature environment, normally in an
autoclave heated between 120 °C and 400 °C for a couple of hours. After the reaction is
complete, the resulting precipitates will be cooled, washed, dried and further calcined at a
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higher temperature, c.a. 600 °C to obtain the crystalline phase and remove the
carbonaceous surfactant (if applied). Both sol-gel and hydrothermal processes require
long-tem moderate temperature heating to obtain the precursor powders. Organic gelation
agent and surfactant are required to obtain uniform products with homogenous
compositions, which adds to the material manufacturing cost. Therefore, they are
generally not considered commercially viable for large-scale applications.

Recently, the coprecipitation process has become very popular, as the organic gelation
agent or surfactant is absent. Under certain conditions, spherical particles can be
produced, as shown in Figure 1.10e, which allows for a good packing density of the
electrodes. Taking the high-energy cathode material Li1.2Ni0.2Mn0.6O2 as an example, the
coprecipitation process developed at Argonne National Laboratory is shown
schematically in Figure 1.11 [37, 99]. The first step is the coprecipitation of
Mn0.75Ni0.25CO3 precursors from manganese and nickel salts, sodium carbonate and a
chelating agent (NH4OH) in a continuous stirred tank reactor. The temperature, pH,
stirring speed and concentration are controlled to obtain homogenous precipitates, the
carbonate powders, which serve as a solid precursor for Li1.2Ni0.2Mn0.6O2 synthesis. In
the reactor, Mn0.75Ni0.25CO3 precipitates will take hours to grow into spherical particles in
the size of 10 to 15 microns. The resulting Mn0.75Ni0.25CO3 powders are collected,
washed and dried under vacuum for hours to completely remove residual chemicals (Na
salts) and water content. Thereafter, a stoichiometric amount of Li2CO3 will be mixed
with Mn0.75Ni0.25CO3 forming a uniform mixture, which will be calcined at 600 °C for
15 hr to decompose the carbonate precursors following by lithiation at 900 °C for 15 hr.
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Although the materials from the coprecipitation process have shown good
electrochemical performance, the process potentially has issues of reproducibility during
scale-up. Even with identical chemical composition, the powders can have different
colors due to a phase separation, i.e., Li2MnO3 phase, which can be very detrimental to
the battery performance (source: presentation slides from Argonne, 2010).

Figure 1.11 A schematic of coprecipitation process for high-energy Li1.2Ni0.2Mn0.6O2 synthesis (Ref.
[37]).

In summary, wet-chemistry is a multi-step process and requires precise control over
precursor chemistry, reaction temperature, pH and long-time calcinations. The key step in
wet-chemistry process is the formation of a uniform precipitate (or gel precursor) with
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controlled stoichiometry. However sometimes, undesired precipitates are produced. With
the coprecipitation process as an example, Mn-Ni-hydroxides may precipitate during the
Mn0.75Ni0.25CO3 formation in the reactor, especially when the local environment (e.g., pH,
temperature, concentration) is not ideal. Therefore, the control over the stoichiometry of
Li, Ni and Mn is challenging, especially at large scale.

1.4.3

Aerosol Synthesis

Aerosol synthesis technology has been rapidly developing in the past years. The term
aerosol generally means small particulates (solid or liquid) suspended in the gas phase.
The particle size can range from a few angstroms to 100 microns. The particles can be
spherical, fiber-like, or irregular shapes, and they also can be dense or hollow in terms of
their internal structures. In addition to improving our understanding in health and
environmental science, aerosol technology has enabled the fast development of synthesis
of functional micron- and nanostructured materials through a variety of processes. In
particular, electrochemists have started to apply aerosol-based processes for the
production of electrochemically active materials for energy conversion and storage
applications. Compared to the solid-state reaction, aerosol processes provide a bottom-up,
scalable, and continuous approach to produce novel nanostructured powders with narrow
size distribution, and good uniformity. As discussed earlier, nanostructured cathode
materials have shown good electrochemical performance with respect to rate capability
and tolerance in volume change of the nanoparticles. Thus aerosol methods show great
potential for material production for energy storage applications.
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Aerosol methods involve gas-to-particle reactions and liquid-droplet-to-particle reactions
for powder synthesis. During the gas-to-particle process, particles are formed by
intraparticle reactions or by nucleation and growth of low-vapor-pressure species [101].
One example of gas-to-particle synthesis is the vapor-grown carbon fiber (VGCF) for
anode materials in Li-ion batteries [102, 103]. Also, carbon nanotubes synthesized in gas
phase potentially can be used as anode materials [104-106]. Nonetheless, gas-to-particle
reactions are not commonly used for synthesizing cathode materials. It has been reported
that by using chemical vapor deposition (CVD), polycrystalline LiCoO2 and LiMn2O4
thin films can be prepared using metal organic precursors under certain conditions [107].
In this research, the gas-to-particle conversion was studied for the flame synthesis of
LiMn2O4 with lithium acetyl-acetonate and manganese acetyl-acetonate precursors.
However, the experiment turned out to be nonviable due to the difficulty in controlling
the ratio of Li and Mn precursors in the vapor phase and the instability of these
precursors. From these observations, the disadvantages of the gas-to-particle route for
cathode materials synthesis generally include: (1) difficulty in controlling stoichiometry
for multicomponent materials, (2) expensive and unstable precursors, (3) complexity over
solid-state reactions and droplet-to-particle routes, and (4) agglomerated morphology.

For the above reasons, the liquid droplet-to-particle (or droplet-to-solid, liquid-to-solid)
reactions are applied in this research for the synthesis of lithium transition metal oxides.
Technologies for droplet-to-particle conversion mainly include: spray pyrolysis [82, 108122], flame spray pyrolysis (or flame synthesis) [123-129] and spray drying [130-134].
Spray pyrolysis and flame spray pyrolysis are chemical processes where the precursors
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undergo chemical reactions to form a product containing some of the elements in the
precursors. The spray drying process is a physical process, whereas the chemical
reactions generally do not take place, and the composition of the precursors and the
products are the same. Therefore, post-treatment is normally required in order to obtain a
different product for physical processes. Spray drying is not studied in this dissertation.

Spray pyrolysis and flame spray pyrolysis processes consist of the following basic steps:
(1) formation of droplets containing precursors by means of an aerosol generator; (2)
transport of the droplets into a high-temperature environment, e.g., a heated reactor or a
flame; (3) evaporation of the solvent; (4) thermal conversion of the precursors into the
final products. A schematic of the key steps in a spray pyrolysis process is shown in
Figure 1.12. These steps involve a wide range of physical and chemical phenomena
(evaporation, sintering, diffusion, decomposition, combustion, etc.) that occur at different
length scales and time scales. For example, the length scale ranges from the reactor size
down to the nano-size of the crystallites, and the time scale ranges from the precursor
decomposition time up to the residence time of the droplets or particles in the reactor.
When a combustible solvent, e.g., ethanol or methanol, is applied to suspend the
precursors, combustion of the droplets has to be considered in the experiment. These
phenomena along with other factors, such as reactor temperature, thermostability of the
products, will determine the morphology, chemical composition and crystal structure of
the final powders. In this dissertation, some of the factors are discussed in the following
chapters and appendix.
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Figure 1.12 A schematic of key steps in spray pyrolysis (source: Web Based Aerosol Science and
Technology Educational Resources Workshop)

A)

Spray Pyrolysis

Spray pyrolysis methods have been reported to produce layered LiCoO2 [108, 135, 136],
LiNiO2 [137], spinel LiMn2O4 [112, 113, 138], LiNi0.5Mn1.5O4 [49, 118, 139] and
olivinetype LiFePO4 powders [121, 140, 141]. Spherical particles of micron sizes are
typically formed in the spray pyrolysis process, and these particles are also
polycrystalline. The LiMn2O4 particles from spray pyrolysis can have a nanocrystalline
structure and they have demonstrated a good cyclic performance without doping [113,
138]. It also has been found that a portion of the particles prepared by the ultrasonic spray
pyrolysis method were found to have a shell structure, and this lowered the volumetric
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density of as-prepared powders [113, 116], as shown in Figure 1.13. By tuning the pH
values in the precursor solution, hollow structure can be converted into a solid structure
during the synthesis of LiNi0.5Mn1.5O4 [116].

a

b

Figure 1.13 Typical morphology of cathode powders from spray pyrolysis: (a) spherical shape
LiFePO4 as observed by SEM [141]; (b) hollow LiNi0.5Mn1.5O4 as observed by TEM [116].

B)

Flame Synthesis

Flame synthesis is a proven industrial process that produces millions of tons of fumed
metal oxides and carbon black each year. Flame technologies are known to be the desired
industrial approach for low-cost, high volume materials. Flame technologies are
inherently low cost because the fuel acts as the energy source, the process is continuous,
and capital equipment costs are low. In addition, the produced powder can be uniform
because the heat is generated uniformly through the flame, as opposed to being
transferred from the walls of the reactor. Efforts have demonstrated that nano-sized
LiCoO2 and LiMn2O4 particles can be produced by different flame spray pyrolysis
methods (FSP) [123, 142]. Jang, et al. synthesized LiCoO2 particles in an H2 diffusion
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pyrolysis flame with lithium and cobalt acetate precursors dissolved in distilled water. As
seen in Figure 1.14a, the as-synthesized powder showed a high-aggregation morphology
with spherical nano primary particles ranging from 11 to 35 nm. This fractal morphology
will lower the packing density of the electrode.

a

b

Figure 1.14 Aggregated morphology of (a) LiCoO2 and (b) LiMn2O4 powders from FSP processes
(Ref. [123, 142]).

Another well-known flame spray pyrolysis (FSP) process uses liquid fuel to produce
micro- or nanostructured materials, e.g., ZnO2 [143], TiO2 [144], and SiO2 [145]. The
FSP experimental apparatus consists of a gas-assisted spray nozzle where a group of CH4
pilot flames surrounds the spray nozzle to stabilize the flame. Recently, electrochemically
active spinel LiMn2O4, Li4Ti5O12 and LiFe5O8 were synthesized by FSP, having a
nanocrystalline structure with an average grain size of less than 20 nm (Figure 1.14b)
[142]. Thus the powder showed a very high specific surface area, 53 to 203 m2g-1, which
may be detrimental to the electrolyte. The initial discharge capacity of the LiMn2O4 cell
was about 106 mAhg-1. The low capacity may be due to the poor crystallinity, leading to
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more side-reactions. Moreover, rare organic metallic compounds, i.e., Li-t-butoxide in
tetrahydrofuran and Mn(III) acetyl-acetonate were used as precursors, which made the
process extremely expensive and not commercially viable.

The flame synthesis process has shown the ability to produce electrochemically active
materials. Nonetheless, the electrochemical performance of the powders synthesized to
date is not comparable to solid-state reaction, hydrothermal and other soft chemistry
methods. With the design of new flames, the flame-made powder may become a
promising approach to produce raw materials for Li-ion batteries.
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1.5!

Objectives and Dissertation Outline

1.5.1

Objectives

The overall objective of this dissertation is to develop and demonstrate technologies for
producing affordable, high-performance cathode materials, where high-performance
refers to high voltage, high capacity, high packing density and promising cycle life. A
low-cost process will be employed to synthesize high-energy materials that might have
superior properties to those produced by solid-state reaction and wet-chemistry processes.
The method of synthesis should also have advantages for large-scale production of
materials with uniform properties and consistency. In particular, a spray pyrolysis and a
flame spray pyrolysis process will be developed by using a droplet-particle conversion
mechanism, which ensures high uniformity of the powders and precise control of
chemical composition in the particles and from particle-to-particle. Aside from superior
powder properties, spray pyrolysis or flame spray pyrolysis process is less energyintensive due to the short reaction times and short annealing/calcination times in the post
processes. As stated in the previous sections, spray pyrolysis or flame spray pyrolysis
process has been applied for the synthesis of cathode materials; however, the powders do
not show ideal morphologies nor display superior electrochemical performance. The
flame-made powders consist of nano-sized primary particles agglomerated together,
which would lower the powder packing density, as seen in Figure 1.14. Some hollow
particle can be produced in the spray pyrolysis process for multi-component material
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synthesis, as seen in Figure 1.13. In this dissertation, these technical challenges and
barriers will be addressed by using the state-of-the-art aerosol synthesis processes.

The performance target for these materials from the as-developed spray pyrolysis/flame
spray pyrolysis includes high voltage around 5 V, and high capacity in range of 200-300
mAhg-1 with long cycle life. New materials for batteries are critical for achieving a new
generation of electrical energy storage system. Before the new materials can be designed,
a deep understanding of the relationship between storage capacity, material chemistry and
material morphology is desirable. In the Li-ion battery system, nano-scale materials hold
promise for high-rate performance for the short ionic transport distance between the
cathode and anode. Meanwhile, a stable electrode-electrolyte interface needs to be
achieved in order to provide a long cycle life. With this information, cathode materials
with well-controlled pore structures could yield an improved electrochemical
performance for the batteries. Considering the manufacturing cost along with the asmentioned desirable electrode properties, Mn-based cathode materials are selected in this
research, as listed in the following:
a) 4 V spinel LiMn2O4;
b) 5 V spinel LiNi0.5Mn1.5O4;
c) layered-layered composite xLi2MnO3!(1-x)LiNi0.5Mn0.5O2;
d) integrated layered-spinel composite Li(1.2-δ)Ni0.2Mn0.6O(2-δ/2);

In this dissertation, a unique pyrolysis flame will be developed to produce spherical, nonagglomerated LiMn2O4 and LiNi0.5Mn1.5O4 powders. The latter material is a quaternary39

metal-oxide, yet has not been successfully synthesized in other flames. Therefore, this
work will propose a prototype flame process for the synthesis of multi-metal oxides with
low-cost inorganic precursors. Spinel LiMn2O4 and LiNi0.5Mn1.5O4 have threedimensional Li transportation pathways, and they are thermodynamically stable. Because
LiNi0.5Mn1.5O4 has a higher operation voltage and improved cycle life over LiMn2O4, it
holds promise for high-power applications, such as EVs.

The spray pyrolysis process developed will be able to synthesize the spinels and the
composite materials with nano features besides having spherical, non-agglomerate and
non-hollow morphologies. Layered-layered composite xLi2MnO3!(1-x)LiNi0.5Mn0.5O2 is a
Li-excess layered material that structurally integrates Li2MnO3 and LiNi0.5Mn0.5O2
together. Its capacity falls in the target range (200-300 mAhg-1) therefore it can be
applied in the batteries requiring high-energy densities. Li(1.2-δ)Ni0.2Mn0.6O(2-δ/2) integrates
LiNi0.5Mn1.5O4 and xLi2MnO3!(1-x)LiNi0.5Mn0.5O2 (where x = 0.5). The spinel-type
structure ideally incorporates 3-D Li transport sites in the 2-D networks, potentially
improving the rate capability. Aside from chemical composition and crystallographic
property, the pore structure of the particle plays a more significant role for holding a high
capacity at elevated C-rates for the composite materials. Therefore, strategies are needed
to optimize porous morphology, primary particle size, crystal structure and chemical
composition in order to achieve a stable high-energy and high-power electrode.
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1.5.2

Dissertation Outline

With these objectives, the dissertation will have mainly five parts. Chapter two will give
a brief introduction about the methodology and experimental apparatus design. Chapter
three will discuss the flame spray pyrolysis process for spinel-LiMn2O4 powder synthesis.
Chapter four will discuss the disordered spinel LiNi0.5Mn1.5O4 from the pyrolysis flame
displaying superior cycle life. Chapter five will discuss the spray pyrolysis process for
nanostructured layered-layered composite materials; and Chapter six will study
nanostructured layered-spinel composite materials from spray pyrolysis process.
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Chapter 2!
Research Methodology
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2.1

Powder Synthesis

2.1.1

Spray Pyrolysis

As discussed in Chapter 1, the spray pyrolysis has shown potential for continuous and
rapid production of submicron to micron size powders. However, the particle size
distribution, morphology, and quality are strongly dependent on precursor chemistry and
the process. A wide size distribution and a hollow/shell structure were observed for
LiMn2O4 particles produced with spray pyrolysis method [112, 113]. When the droplets
enter the furnace heated to a high temperature (600-800 ºC), the solvent starts to
evaporate very fast and the solute becomes supersaturated. The solute will start to
precipitate forming crystallites on the surface. As further evaporation of the solvent, the
crystallites continue to grow forming a solid shell. Therefore, hollow/shell-structured
powder may be produced if the heat-transfer, particle size distribution, or the physical
and chemical properties of the precursors are not well controlled. To prevent the
formation of these unfavorable structures, a BGI atomizer is applied to generate ultrafine
aerosol droplets containing the precursors. The critical droplet size for the onset of solute
nucleation decreases as the initial droplet size decreases due to the short diffusion length.
For that reason the as-synthesized powder may potentially show a non-hollow internal
structure if the aerosolized precursor droplets are fine enough. Additionally, before
entering the reaction zone, the precursor droplets enter a low-temperature evaporator,
allowing the slow evaporation of water and precipitation of solute. The spray pyrolysis is
explored to study the synthetic conditions and optimal morphologies of particles.
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Figure 2.1 A schematic of the spray pyrolysis system with a two-stage aerosol flow reactor.

For the reasons stated above, the design of the spray pyrolysis system considered the
following factors affecting the morphological characteristics of the final powders: (1)
slow heating in the preheater which allows slow evaporation of solvent without forming
solid shells on each individual particles; (2) appropriate furnace temperature profile that
is sufficient high to decompose the precursor and calcine the primary particle without
inducing impurity phases; (3) initial droplet size and salt concentration in the precursor
solution; (4) relative humidity of the carrier gas that may reduce/eliminate evaporation of
solvent in precursor reservoir (Collison nebulizer), maintaining a constant concentration
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of precursor salts and thereof particle size distribution; (5) residence time associated with
reactor dimensions and flow rate of the carrier gas.

The designed two-stage aerosol flow reactor consists of a low-temperature reactor at
300 °C wall temperature, and a hot-wall ceramic tube flow reactor (1 inch OD, % inch ID,
3 ft. long) maintained at 600-800 °C wall temperature. The precursor solution was
prepared by dissolving stoichiometric amounts of precursor nitrates in deionized water. A
Collison nebulizer is applied to aerosolize the precursor solution. As seen in Figure 2.1,
the aerosolized precursors enter the low temperature reactor where the solvent slowly
evaporates completely. The gas temperature at the exit of the low-temperature furnace is
monitored with a thermocouple, and is kept at about 100-130 ºC. The dried precursors
then enter a hot-wall ceramic tube flow reactor maintained at 600-800 °C wall
temperature, where the precursors decompose and the desired powder is synthesized. The
gas temperature at the exit of the second reactor is also monitored by a thermocouple
inserted into the ceramic tube. The powder is collected at the reactor exit.

2.1.2

Diffusion Flame Pyrolysis

As part of this work, a novel flame process has been designed to produce nanostructured
LiMn2O4 and LiNi0.5Mn1.5O4 particles. The pyrolysis flame that produces powders is an
aerosol-assisted laminar hydrogen diffusion flame. Figure 2.2 shows the schematic
diagram of the hydrogen diffusion flame experimental system. The burner jet has a 12.5
mm inner diameter and is made of 316-stainless steel. A cylindrical quartz chamber
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(inner diameter 224 mm) is used as a shield around the jet to prevent disturbances from
the surroundings. Honeycomb surrounds the jet, ensuring a uniform laminar flow of air in
the quartz chamber. The precursor solution is prepared by dissolving LiNO3 (anhydrous),
and Mn(NO3)2!4H2O (and Ni(NO3)2!6H2O for synthesizing LiNi0.5Mn1.5O4) in methanol
at a stoichiometric ratio. The precursor solution is aerosolized with a BGI one-jet
Collison nebulizer to generate ultra-fine precursor droplets. Methanol-saturated N2 carries
the precursor droplets into the flame. Downstream of the flame, the as-synthesized

Figure 2.2 A schematic diagram of experiment system: 1. pressure gauge; 2. flow meter; 3. bubbler;
4. BGI Collison atomizer; 5. burner system; 6. honeycomb; 7. quartz shield; 8. collection funnel; 9.
filter; 10. vacuum pump.
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powder is collected with a Nuclepore Track-etch polycarbonate membrane-filter with a
pore size of 0.2 μm. To improve the crystallinity and remove possible impurity-phases,
the as-synthesized powders are annealed at 700 to 800 ºC for typically 2 hr followed by
slow cooling in air at c.a. 3.7 °C/min.

2.2

Post-Treatment of the as-Synthesize
Powders

An ideal electrode material should have good structural integrity and should not have
impurity phase. Structural integrity may eliminate the side reactions between the
electrode and the electrolyte, thus preserving the capacity. Powders from the spray
pyrolysis (flow reactor) have an average crystallite size of less than 20 nm. Although at
this scale the transportation of Li ions in the electrode may be very fast, the high surface
area can lead the dissolution of Mn ions and side reactions with the electrolyte, which
reduce the capacity as well. Thus, moderate heat treatment is necessary for the powders
from spray pyrolysis to acquire the proper crystalline size.

Impurities may not necessarily deteriorate the cell, but they can lower the specific
capacity of the cell. The as-synthesized powders (spinel LiMn2O4, LiNi0.5Mn1.5O4 and
etc.) in flames may have some impurity phases and defects. Post heat treatment is
necessary to convert the impurities into the desired phase and reduce/eliminate the
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oxygen-deficiency defects. In this research, the as-synthesized powder is annealed at
elevated temperatures (600-800 ºC), and followed by slow cooling. The annealed powder
shows better electrochemical performance than the as-synthesized powder. The detailed
result will be discussed in the each of the chapters.

2.3

In-situ Particle Size Measurements

A proper particle size distribution is very important to improve the performance of the
powders. In our current research, a BGI collision nebulizer was applied to generate fine
precursor aerosol droplets. The particle size distribution is not only controlled by the
atomizer, but also is controlled by the concentration of the precursor solution. A
precursor solution with higher concentration can produce larger particles. In contrast,
diluted solutions produce smaller dry precursor particles and this reduces the size of the
final powders. A scanning mobility particle sizer (SMPS) is used to in-situ measure the
particle size distribution of the as-prepared powder if the particles fall into 20-800 nm
range. The SMPS charges the particles and only allows the particles with a certain
electrical mobility to pass through the differential mobility analyzer (DMA). For larger
particles, c.a. 1-10 µm, an electric low-pressure impactor (ELPI) is applied to measure
particle size distribution. In the ELPI, a corona charger charges the particles in the
aerosol stream, and then the charged particles release their charge when they impact on
the corresponding stage by inertial force. Signals are collected and processed to generate
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the particle size distribution profile. The geometric mean diameter dp,g and geometric
standard derivation !g is calculated to describe the lognormal particle size distribution.
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where ni is number of particles in ith group, di is the midpoint diameter in ith group and N
is the total number of particles in the sample.

2.4

Crystallographic Analysis

2.4.1

Powder Diffraction

X-ray powder diffraction is a common physical tool to investigate the crystal structure of
the crystalline powders. In this research, X-ray powder diffraction is performed on a
Rigaku Geigerflex D-MAX/A Diffractometer using Cu-K& radiation. The instrument is
equipped with a vertical goniometer and a scintillation counter. Maximum power is 1.5
kW operating at 50 kV and 50 mA; however, all work is on geologic materials using 35
kV and 35 mA. Data is collected on the diffractometer using a PC-based Data scan
software by MDI and processed using Jade 9 software. Typical scan step size is 0.04 °
(2') per step, and scan speed is one step per second.
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In an ideal XRD powder diffraction analysis, the diffraction peaks should be sharp and
smooth. However, in practice, peak broadening and changes in peak shape or smoothness
might occur, arising from instrumental or powder sample contributions. The instrumental
contribution is mainly caused by one of the following: (1) poor radiation source that has
decayed or is not perfectly monochromatic; (2) shallow powder samples; (3) the
dimensions and configuration of the slits in the diffractometer; and (4) misalignment of
the diffractometer. The instrumental contributions will give inaccurate XRD data,
resulting in misleading information on the crystal structures. Peak broadening mainly
arises from nanosized crystallites and inhomogeneous strains in the specimen. The lattice
strain is inhomogeneous with the presence of defects, such as dislocations and vacancies.
Any change in d-spacing from defects in a crystallite can cause a shift in diffraction angle
2' near Bragg peaks, therefore peak broadening might be observed. Inhomogeneous
strain is not studied in this dissertation. Peak broadening is also related to the nanosized
crystallite, and it can be applied to estimate crystallite sizes. The Scherrer equation
correlates the broadness of the diffraction peaks and the crystallite size (L) of the
nanostructured materials.
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where K is the shape factor (about 0.9), " is the radiation wavelength, # is the usual Bragg
angle and $ is the full-width-at-half-maximum (FWHM) of the peaks. The use of Scherrer
formula is limited to the cases where the average crystallite size is less than 1 µm.
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2.4.2

Cell Refinement

Cell refinement extracts finite information from the XRD patterns to identify the crystal
phase and refine the cell parameters, such as space group and symmetry, lattice
parameters and indexing. Whole pattern fitting (WPF) approach is applied to refine the
crystal structure of powders produced in this work. WPF approach entails the calculation
of an XRD pattern, which fits the experimental data as close as possible. This dissertation
includes two methods for WPF refinement: (1) Rietveld method, which is conducted by
tuning the parameters of already-known crystal structures to best fit the observed pattern;
(2) observed pattern method which matches the observed pattern with the reference
pattern in the database, such as Crystal Structure Data (CSD) and Powder Diffraction
Files (PDF). The commercial software Jade, or example combines Rietveld method and
the observation method (WPF function). The essential differences between Rietveld
refinement and observed pattern method is that no atom position and site occupancies can
be refined in the latter method. With observed pattern method, some structural
information may be lost for the crystals with defects. The use of this method is therefore
recommended if the phase is pure with less or no defects, and the Bragg peaks are sharp
enough and well positioned. Rietveld refinement is the first mathematical model in
refining crystal structures based on known crystal XRD diffraction data, and it can
describe both the profile parameters (indexing, peak shape and background) and atomic
information (atomic coordinates and occupancy). The foundation of Rietveld refinement
is a least-square method for the calculation of the entire pattern deduced from the
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intensities. In this work, Rietveld method is generally applied to investigate atomic
information.

2.5

Morphology Studies

Besides SMPS measurements, a state-of-the-art high-resolution transmission electron
microscope (TEM, JEOL JEM-2100F) is employed for characterization of as-prepared
powders. TEM imaging is used to identify the internal structure of as-prepared particles,
and primary/secondary particle sizes. TEM lattice-fringe imaging is employed for direct
identification of crystalline structure of a single crystal in a particle. This instrument is
equipped with a Schottky FEG emitter (0.5 nA at 1 nm FWHM) and has a point-to-point
resolution of 0.23 nm. In addition to the high-resolution TEM, A TecnaiTM G2 Spirit
TEM with a line resolution of 0.20 nm is also applied in this research.

The particle morphology is examined with scanning electron microscopy (SEM). A
Hitachi S-4500 field emission SEM is used in this research. This SEM has a very high
spatial resolution at all of its working voltages: 4 nm at 1 kV and 1.5 nm from 15 kV to
30 kV. Porous morphology is observed using a FEI Nova 230 SEM with a resolution of
1.6 nm at 1 kV. Working distance and operation voltage are subject to change in
corresponding experiments. A Noran Energy Dispersed Spectrometer (EDS) elemental
analysis system allows chemical analysis of all elements heavier than beryllium, and also
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provides facilities for digitizing and processing images. Ultramicrotome (Leica EM UC7)
is applied to section the particle to obtain the morphology of the internal structure.

In addition to the morphology study, the specific area of the powders is measured by
Brunauer-Emment-Teller (BET, Autosorb-1 Series) method in N2. Thermal gravimetric
analysis (TGA) is used to test the decomposition temperature of precursors, hence to
understand the chemistry behind the synthesis process.

2.6

Battery Performance Evaluation

2.6.1

Cell Fabrication

A Li-ion cell consists of an anode and a cathode separated by an ionic conductive
membrane separator. All the components in a Li-ion cell are soaked in electrolyte
containing Li salts, as described in Chapter 1. In this research, the synthesized powders
are assembled as cathode-active materials into 2032 coin-type half-cells (cells with
elemental lithium as the counter electrode). To prepare the cathodes, a mixture of the
synthesized powder, polyvinylidene-fluoride (PVdF) binder, and Super-P conductivecarbon-black at a proper ratio is dissolved in N-methyl-2-pyrrolidene (NMP) and then
homogenized to form a homogenous slurry. The amount of PVdF and carbon black varies
for different cathode materials in the research, as given in each chapter. The spinels have
3D-diffusion pathways, therefore a high rate capability is expected and less conductive
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carbon black is required. For the layered-structured materials, more conductive carbon
black is desired in order to achieve a satisfactory rate performance. The cathode slurry is
then cast on an Al foil using the doctor blade technique to form a thin cathode film. The
cathode film is dried in a vacuum oven at 120-130 °C for 16 hr. To improve adhesion, the
cathode is calendared, forming a compressed, thin film. Small, round, cathode plates are
punched out from the dry film for the test batteries.

The 2032 coin-type test batteries are assembled in a glove box filled with ultra high
purity argon gas. The configuration of the 2032 test cell is shown in the Appendix D. A
Li thin foil is employed as an anode and a polypropylene membrane (Celgard 2500) is
used as the separator. The electrolyte is chosen among 1M LiPF6 in ethylene
carbonate/diethyl carbonate solution (EC:DEC = 1:1 or 1:2 by weight, Ferro) at LBNL,
and 1M LiPF6 in ethylene carbonate/dimethyl carbonate solution (EC:DMC = 1:1 by
volume, Ferro) and 1M LiPF6 in ethylene carbonate/diethyl carbonate solution/dimethyl
carbonate solution (EC:DEC:DMC = 1:1:1 by volume, MTI) at Washington University
(WU). The electrochemical performance of the cells is tested with a computer controlled
MACCOR (Model 4200) battery tester (LBNL) or MTI battery analyzer (WU) at various
charge/discharge rates. The experimental parameters (e.g., current density, cut-off voltage)
may vary for different cathode materials, and the test temperature is specified in each
chapter.

Some of the battery tests for spinel LiMn2O4 and LiNi0.5Mn1.5O4 was performed at
Lawrence Berkeley Nation Laboratory (LBNL) at the early stage. An independent
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validation of the battery test results has been performed at Washington University, which
has shown consistency to the data acquired at LBNL. Thus, the fabrication of the coin
cells, performed test and the results are considered valid and consistent in the research.

2.6.1

Li-ion Battery Test Protocol

The prepared cathode materials are assembled in half cells (cells with lithium metal as the
counter electrode), then it is able to measure the reversible capacity and first cycle
irreversible capacity, and even the cyclic voltammetry; however, this approach will not
be able to measure long-term cycleability, as lithium forms dendrites and shorts the cell,
or any effects of migration of species from cathode to anode as has been seen with many
Li-ion chemistries. For this reason, only 50 to 100 cycles are performed to display a trend
of the battery cycle life as the cell is cycled. Once the capacity of the first charge of the
cathode is known (C/20 to C/10 at the first cycle), cells made with the synthesized
powders perform the following tests: rate capability (which is a series of cycles at C/10,
C/5, C/2, C3/4, and C/1), and cycle life (C/10 for 50 to 100 cycles).

Cell testing and characterization can take from weeks to months. At C/10 discharge, 50
cycles will take approximately 2 months. Thus, new chemistries can be evaluated on a 3month interval if includes material synthesis and characterization. This is about the length
of time it will take to analyze a given chemistry, understand its benefits and deficiencies,
and synthesize a new chemistry. In the beginning, before new chemistries are developed,
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we spend some time optimizing our electrode formulations for the baseline chemistry.
This involves determining the proper ratio of carbon to binder and inactive material to
active material. Once the best formulation is identified, we evaluate solvent content and
its effect on electrode casting and performance.
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Chapter 3!
Flame Synthesis of 4 V Spinel LiMn2O4

1
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1

Spinel lithium manganese oxide LiMn2O4 and its derivatives have gained attention as an
alternative to lithium cobalt oxide (LiCoO2), which is currently being used commercially
as a cathode material for lithium-ion secondary batteries. Spinel LiMn2O4 has many
desirable advantages, including high rate performance due to its 3-D framework, high
energy density, low cost, low toxicity, and simplicity of preparation [73]. The
conventional approach to synthesis of LiMn2O4 spinel is the solid-state reaction of a
mixture of lithium and manganese precursors at high temperature [39]. Sometimes,
mechanical grinding (e.g., ball milling) is needed to reduce particle size [146]. Other
approaches to synthesis have been developed, including the Xerogel method [147],
hydrothermal [148], sol-gel method [149], sputtering [150], and coprecipitation [151].
These methods have been shown to produce powders that have narrow size distribution,
and uniform composition and morphology, yielding good electrochemical performance.
Nonetheless, none of these processes are continuous, and long reaction times are required.

In the past decade, spray pyrolysis, which is a continuous process, has been studied to
synthesize fine LiMn2O4 powder and its derivatives, yielding materials with good
electrochemical performance [43, 110, 113, 152-154]. Spray pyrolysis is an aerosol
process that can involve gas-, liquid-, and solid-phase reactions. The as-synthesized
particles are in the nano- to micron-size range and can have a variety of morphologies.
Common spray pyrolysis processes include ultrasonic spray pyrolysis [112, 113],
electrospray pyrolysis [152], and spray drying [153]. In the spray pyrolysis process the
precursor solution is aerosolized to form fine precursor droplets.

The aerosolized

precursor is then introduced into a tubular furnace reactor in which the solvent evaporates,
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and then the precursors precipitate and decompose forming the desired product [112].
Under certain conditions, shell-structured LiMn2O4 particles are present in the products
and this lowers the packing density of the material [112, 134]. Spray pyrolysis requires
external heating to maintain reactor temperature and this non-uniform heating can lead to
non-uniformities in product, making it difficult to scale up [139, 155].

Flame synthesis is a widely used technique to synthesize a number of functional powders
over a range of sizes from nano- to micrometers, e.g., carbon nanotubes and carbon black
[104, 156, 157], metal oxide particles (TiO2, SiO2, Y2O3:Eu) [158-160], and non-oxide
ceramics (Ti, TiB2, Ta, and AlN) [161-164]. Among them, carbon black is the most
successful example with daily production of about 100 tons [157]. In the past few years,
flame techniques have been applied to synthesize oxides of multicomponent metal oxide
powders for energy applications. Perovskite-type compounds have been produced by
flame aerosol synthesis for applications in oxygen-separation membranes [165] and by
flame hydrolysis to produce catalyst particles for catalytic combustions [166, 167]. In
flame synthesis, the exothermic reaction between fuel and oxidizer generates heat to
create a high temperature environment. Thus, it does not require external heating, and the
heating is volumetric in flames. By changing the flame temperature and precursor
solution composition, crystal structure and particle sizes can be varied. Hence, flame
synthesis has the potential to produce cathode materials for lithium-ion batteries at a large
scale and low cost.
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Jang et al. has synthesized LiCoO2 nanoparticles synthesized via flame spray pyrolysis
(FSP) using H2 as the fuel [123]. However, the electrochemical properties of the assynthesized LiCoO2 nanoparticles were not evaluated in that work. Recently, Pratsinis et
al. developed an alternative FSP process to produce spinel-LiMn2O4 cathode materials
using liquid-phase fuels [126, 142]. In this process, metallic-organic compounds were
dissolved in an organic solvent to serve as precursors. The as-produced spinel-LiMn2O4
showed a good rate capability at 4 V [125]. Nonetheless, the commercial viability of the
FSP process is highly dependent on the price, availability, and compatibility of the
metallic-organic precursor compounds and solvents.

In the present work, a flame-

assisted spray technology (FAST) is developed to produce spinel LiMn2O4 powders using
low-cost metal-nitrate precursors.

3.1

Precursor Chemistry

To understand the formation mechanism of the spinel LiMn2O4 in the pyrolysis flame, the
thermal properties of the precursors LiNO3 and Mn(NO3)2!4H2O were studied by TGA
analysis. Three experiments were performed: (1) Mn(NO3)2!4H2O only, (2) LiNO3 only,
and (3) a stoichiometric amount of LiNO3 and Mn(NO3)2!4H2O, all in methanol. The
decomposition reaction mechanisms of Mn(NO3)2! and LiNO3 are known, and their
decomposition products are MnO2 and Li2O, respectively [168]. As indicated by the
dotted-line in Figure 3.1, pure Mn(NO3)2! decomposed into oxides in the temperature
range of 200 to 280 °C, as indicated by the large weight loss. Pure LiNO3 began to
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decompose at around 600 °C and was fully decomposed by 750 °C, as indicated by the
dash-line. However, as shown by the solid-line, the complete decomposition of the
mixture of precursors occurred at 480 °C, more than 200 °C less than that of the pure
LiNO3 salt. For a 1:2 molar ratio of LiNO3 and Mn(NO3)2!4H2O precursors, the total
weight loss was calculated to be 57.5%, assuming complete decomposition of
Mn(NO3)2!4H2O to MnO2, and the measured weight loss from TGA was 57.6% at 280 °C.
Similarly, for complete decomposition of LiNO3 to Li2O, the calculated weight loss was
66.9%, compared to a measured weight loss of 67.1% at 480 °C. Thus, the assumed
decomposition products were valid even for the mixture of nitrate precursors.
Importantly, the decomposition temperature of LiNO3 was much lowered in the mixture
than alone. The lower decomposition temperature of LiNO3 for mixtures has also been
observed using a mixture of electrolytic manganese dioxide MnO2 and LiNO3 [169]. This
was understood to be due to the presence of MnO2, acting as a catalyst for the pyrolysis
reactions [169]. Figure 3.1 also shows that if Ni(NO3)2!6H2O was added, forming a
1:1.5:0.5 (Li:Mn:Ni elemental ratio) mixture, the completed decomposition of the salts
occurs near 400 °C. The decomposition reaction of dehydrated LiNO3, Mn(NO3)2 and
Ni(NO3)2 can be written as below (source: High Temperature Properties and Thermal
Decomposition of Inorganic Salts, CRC press, 2001):
!
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Figure 3.1 TGA measurements of the individual precursor LiNO3, Mn(NO3)2!4H2O, Ni(NO3)2!6H2O,
and their stoichiometric mixture.

3.2

Flame Structures

The precursor was prepared by dissolving stoichiometric quantities (1:2 molar ratio) of
LiNO3 and Mn(NO3)2!4H2O in methanol. The concentrations of LiNO3 and Mn(NO3)2!
were 0.5 mole L-1 and 1.0 mole L-1, respectively. The flow rates of H2 and the atomizing
gas N2 were kept at 0.5 L min-1 and 2.5 L min-1, respectively. The flame temperature was
measured with a Pt/Rh thermocouple inserted into the flame. The data was recorded with
an Omega wireless thermocouple connector. The visible flame used to produce spinel
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LiMn2O4 was about 15 cm tall.

Both H2 and methanol are combustible and their

oxidation provides heat for the synthesis reaction of spinel LiMn2O4. Temperature was
measured along the axis with a Pt/Rh thermocouple (bead size = 340 µm). Figure 3.2
shows axial temperature profile, uncorrected for radiation heat loss, as a function of the
height above the burner (HAB). The highest temperature in the flame was 1100 °C and
occurred at 13.4 cm HAB. This temperature was higher than the temperatures associated
with the solid-state reaction, spray pyrolysis, and sol-gel methods, which are in the range
of 200 to 1000 °C [3, 82, 149]. Nonetheless, the residence time of the aerosol at this
temperature (1100 °C) was only milliseconds. The flame temperature could not be
lowered further in the current setup without causing the flame to become unstable.

Figure 3.2 Measured temperature profile as a function of height above burner (HAB). Temperatures
are not corrected for radiative heat loss from the thermocouple.
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The formation of spinel LiMn2O4 in the flame is expected to follow a sequence of (1)
evaporation of the methanol solvent, (2) pyrolysis of the precursors, (3) synthesis
reactions of spinel LiMn2O4, and (4) sintering and coarsening of the primary particles. In
the center of the flame, the temperature increased slowly until 5.0 cm HAB and then the
temperature increased rapidly, as seen in Figure 3.2. At this point, the solvent methanol
would begin to evaporate quickly, as the temperature (> 220°C) was far above its boiling
point (c.a. 65 °C). After evaporation, the Li and Mn nitrate precursors would begin to
precipitate. Based on the TGA data, the precursor Mn(NO3)2 should start to decompose
almost immediately upon evaporation of the solvent in the flame. Up until 7 cm HAB,
the temperature was less than 430 °C, where LiNO3 would begin to decompose. The
temperature increased rapidly beyond this point, which is expected to lead to rapid
thermal decomposition of the LiNO3 and Mn(NO3)2 precursors. Further downstream in
the flame, the particles coarsen and sinter. In the post flame region (15 to 30 cm HAB),
the temperature dropped slowly, allowing the nano grains to grow into larger crystallites.

A characteristic residence time of the precursors/product in the flame reactor can be
estimated by assuming the particles follow the flow field and neglecting buoyancy in the
flame (if buoyancy is considered, the residence time will be shorter). The length scale is
considered to be 30 cm because beyond 30 cm HAB, the temperature was less than 400
°C, so sintering of LiMn2O4 would be negligible. At a total flow rate of 3.0 L min-1
(H2+N2), the characteristic residence time was calculated to be less than 800 milliseconds,
which is the shortest synthesis time among current synthesis methods for spinel LiMn2O4.
For ultrasonic spray pyrolysis, sol-gel and solid-state reaction methods, it takes seconds
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to hours to synthesize nanocrystalline LiMn2O4 powder [39, 113, 149].

The short

formation times were due to the rapid evaporation of solvent methanol, followed by rapid
decomposition reactions of precursors and synthesis reactions of the spinel in the flame.
At the high flame temperature, the solvent methanol also reacted as a fuel supporting
local heat release at the flame. Thus, the FAST process is a rapid process to make
LiMn2O4 powder continuously with low energy requirements.

3.3

Crystallographic Analysis

The XRD pattern of the as-synthesized powder matched the spinel LiMn2O4 structure as
indicated by the strong intensities of the (111), (311) and (400) planes, as seen in Figure
3.3a. The wide XRD peaks of the as-synthesized powder indicated a nanocrystalline
structure. The elemental ratio of Li and Mn was 1.01:2 as measured by ICP-MS analysis,
which is consistent with spinel LiMn2O4. However, some impurities coexisted with the
as-synthesized powder, as indicated by the minor peaks on the XRD spectrum. The
impurity was identified as Mn3O4, which is known to form at elevated temperatures.
Studies have shown that at elevated temperatures, oxygen may be extracted from spinel
LiMn2O4, forming oxygen deficient spinel [75, 170, 171]. If the temperature exceeds
1000 °C, the spinel would eventually decompose into orthorhombic LiMnO2 and Mn3O4,
and release O2 in an oxygen extraction reaction [75]. In the flame, the residence time of
the particles in the high temperature region was very short, so only a small portion of
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spinel LiMn2O4 decomposed into Mn3O4 in the flame. Nonetheless, a post-annealing
treatment was necessary to remove the impurity in the flame-synthesized spinel LiMn2O4.

Figure 3.3 XRD patterns of the flame-synthesized LiMn2O4 powder: (a) before annealing and (b)
after annealing at 700 °C for 2hr.

After annealing the as-synthesized powder at 700 °C for 2 hr, the XRD pattern was a
good match to the single-phase spinel LiMn2O4 with a space group Fd!m, as shown in
Figure 3.3b. No Mn3O4 impurity was detectable in the XRD spectrum. The crystallinity
of the powder was also greatly improved, as indicated by the sharper XRD peaks. After
Rietveld cell refinement, the lattice parameter a of the annealed powder was 8.234 Å,
which is in good agreement with spinel LiMn2O4. The average grain size of the annealed
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powder was 33 nm, as estimated by the Scherrer formula (fwhm = 0.268°, 2-Theta =
43.981°, "Cu/K-#1 = 1.54 Å).

3.4

Powder Morphology

The SEM and TEM photographs of LiMn2O4 powder, before and after annealing are
shown in Figure 3.4. The as-synthesized particles were submicron in size, with some
particles falling into the nano-size range, as seen from Figure 3.4a. The secondary
particles consisted of irregular-shape, nano-size primary particles. The porous
morphology of as-synthesized powder was similar to that of the powder made with spray
pyrolysis when using LiNO3 and Mn(NO3)2 as precursors [112, 113], however, the
particle surface appeared smoother after annealing. The as-synthesized LiMn2O4 powder
also showed a polycrystalline structure, as seen in the TEM image of Figure 3.4b.

The size distribution of the as-synthesized aerosol is shown in Figure 3.5a as measured
by SMPS. The geometric mean diameter of the as-synthesized powder was 160 nm with
a geometric standard derivation !g of 1.58. After annealing, the nano-sized particles did
not exist, as can be seen by comparing the images of Figure 3.4a with 3.4c, and 3.4b with
3.4d, and the powder showed a clearer facet structure, as compared to the as-synthesized
powder. By measuring 390 different particles in the SEM images, the size distribution of
the annealed powder was obtained, as shown in Figure 3.5b. The geometric mean
diameter of the annealed powder was 330 nm with a geometric standard derivation, !g, of
1.81.
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Figure 3.4 Morphology of the LiMn2O4: (a) SEM of the powder before annealing; (b) TEM of the
powder before annealing; (c) SEM of the powder after annealing; (d) TEM of the powder after
annealing at 700 °C for 2hr. (SEM scale bar = 1 µm; TEM scale bar = 100 nm).

68

Figure 3.5 Size distribution of the flame-synthesized LiMn2O4 powder: (a) before annealing and (b)
after annealing at 700 °C for 2 hr.
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3.5

Battery Performance Test

3.5.1

Voltage Profile and Capacity

2032 coin-type half-cells were assembled with the unannealed (as-synthesized) and
annealed LiMn2O4 powder as active cathode materials, and the cells were charged/
discharged between 2.5 and 4.3 V at C/10 rate (1 C = 120 mAhg-1). As seen in Figure
3.6a, the initial charge/discharge curve shows the characteristic voltage plateaus at 2.8 V
and 4 V vs. Li, corresponding to spinel LiMn2O4 with an Fd!m space group structure.
The initial charge and discharge capacity of the unannealed powder was about 70 mAhg1

at 4 V, which is much lower than the theoretical capacity of LiMn2O4 (148 mAhg-1).

Nonetheless, the result was quite consistent with the measured capacity of nanocrystalline
spinel LiMn2O4, which is from 70 to 100 mAhg-1 in the 4 V range [43]. The lower
capacity at 4 V than the theoretical value for the as-synthesized powder can be explained
by the large surface area, lower crystallinity [42, 43, 172], and also by the level of
impurities in the powder. In the 3.0 V range, the initial discharge capacity of unannealed
powder was about 60 mAhg-1, which is also lower than the theoretical value of spinel
LiMn2O4. This could be due to the oxygen deficiency of the spinel LiMn2O4 which can
lead to a large capacity loss in the 3 V range. As discussed earlier, Mn3O4 was detected
in the as-synthesized powder. Mn3O4 was not electrochemically active, so its presence
lowered the capacities in both the 3 V and 4 V range. Due to the low overall capacity,
the cell made with unannealed LiMn2O4 powder was not subject to further testing.
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Figure 3.6 Initial charge/discharge curve of the flamesynthesized LiMn2O4 powder: (a) before
annealing and (b) after annealing at 700 !C for 2hr (dash line: charge curve; solid line: discharge
curve).

As shown in Figure 3.6b, after annealing, the LiMn2O4 powder showed a clearer two
staged lithium intercalation behavior at a voltage of 3.9 V and 4.16 V, which is indicative
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of a single-phase spinel LiMn2O4 structure. The initial charge and discharge capacities
were about 120 mAhg-1 and 115 mAhg-1, respectively, in the 4 V range. The reversible
discharge capacity was 96% in the first cycle. The initial charge/discharge capacity was
dramatically improved when compared to the as-synthesized powder because of the
improved crystallinity and lack of impurities. However, the trend of the initial discharge
curve in the entire range from 2.5 to 4.3 V was similar to that of slightly oxygen-deficient
spinel LiMn2O4, for which the capacity in the 3 V range was low, about 70 mAhg-1 [170].
Although the oxygen extraction reaction, which leads to oxygen deficiency, is a
reversible process, the oxygen vacancy in the spinel may not have been completely
recovered by annealing at 700 °C for 2 hr.

3.5.2

Rater Performance

The rate capability of the annealed LiMn2O4 powder was evaluated at various C-rates,
from C/10 to 2C (1C =120 mAhg-1) with a cut-off voltage of 3.0 to 4.3 V.

The

charge/discharge rate was increased every five cycles, as indicated in Figure 3.7. In the
first 10 cycles, the capacity of the cell rapidly faded from 115 mAhg-1 to 104 mAhg-1 at a
charge/discharge rate from C/10 to C/5. At the 11th cycle, a transitional cycle from C/5
to C/2 rates, the capacity dropped dramatically, and then the cell showed a better capacity
retention with an average coulombic efficiency of 99% at C/2 rate. At the transition from
1C to 2C, the cell also showed a large capacity loss with a coulombic efficiency of about
92%. In the next few cycles at 2C, the cell showed less capacity loss with an average
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coulombic efficiency of 98%. The capacity fading was also observed in the annealed
flame-synthesized spinel LiMn2O4. The reasons for capacity fading are understood to be
manganese dissolution, electrolyte decomposition at high potentials, and the loss of
crystallinity during cycling [114]. In addition, the small amount of oxygen deficiency
may have been another reason for the capacity fading of the annealed LiMn2O4 [171].
Nonetheless, considering that only 6 % conductive carbon black was added to the cathode,
the annealed flame-synthesized powder showed an acceptable cycling performance at
increasing C-rates.

Figure 3.7 Rate performance of flame-made LiMn2O4.
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3.6

Summary

Nanostructured spinel LiMn2O4 cathode materials for lithium-ion batteries were
synthesized by using flame-assisted spray technology (FAST). The as-synthesized
powder showed a nanocrystalline structure with uniform morphology. However, the
impurity Mn3O4 was detected, which resulted from the decomposition reaction of
LiMn2O4 at elevated temperature (>1000 °C). After a post-annealing treatment, the
LiMn2O4 powder showed a single-phase spinel structure. The charge/discharge
performance of the powder before and after post-annealing was in good agreement with
the electrochemical characteristics of spinel LiMn2O4. The annealed LiMn2O4 powder
had a much higher capacity than the as-synthesized powder, especially in the 4 V range.
Moreover, the annealed LiMn2O4 powder showed a good rate capability with a small
amount of conductive material. This chapter has demonstrated that the FAST process has
the potential to rapidly produce electrochemically active materials for lithium-ion
secondary batteries at low cost.
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Chapter 4!
Synthesis of 5 V Spinel-LiNi0.5Mn1.5O4 with
Superior Cycle-Life
2

2

Published in Proceedings of the Combustion Institute, 2011

75

Spinel LiMn2O4 has been studied extensively as a 4 V cathode material due to the low
cost and abundance of Mn, ease of preparation, high-rate performance and low toxicity
[3]. However, severe capacity fading during charge/discharge at 3-4 V may limit its
commercial applications, as discussed in the previous chapter. To address this problem,
the Mn cation can be partially substituted with Li or a transition metal forming doped
spinel LiMxMn2-xO4 (where 0 ! x ! 1/3, M = Li, Ni, Co, Cr, and Al, etc.) [114, 173, 174].
This improves the cycling performance at 4 V, however, notable discharge capacity loss
will occur because of the inactivity of these transition metal dopants at 4 V. Recently, it
has been reported that with significant increases in the substitution of Mn i.e., x = 0.5,
with transition metals, the doped spinel will show a higher working potential near 5 V
and also retain a good discharge capacity [44-47].

Among the 5 V spinels, spinel-LiNi0.5Mn1.5O4 (Ni2+, Mn4+) has drawn interest due to its
electrochemical characteristics: high capacity (130 to 140 mAhg-1), a working voltage
plateau at 4.7 V and good cycling performance at elevated charge/discharge rates [46, 49].
The high-voltage plateau of LiNi0.5Mn1.5O4 during cycling is known to be the result of the
Ni2+/Ni4+ redox couple, compared to the Mn3+/Mn4+ redox couple in the traditional 4 V
spinels. LiNi0.5Mn1.5O4 has two stable crystallographic structures: disordered Fd!m space
group and ordered P4332 space group, which are stable at different synthetic conditions
[46, 50, 51]. It has been verified that nano-sized disordered spinel-LiNi0.5Mn1.5O4 shows
better cycling performance at high-discharge rate than the ordered structure. At high
temperatures both Ni and Mn can be stable in the form of binary oxides MxOy, so flame
synthesis of this quaternary metal-oxide presents a challenge. In this work, the flame
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pyrolysis process was used to synthesize 5 V, spinel-LiNi0.5Mn1.5O4 (Fd!m) cathodematerials.

4.1

Flame Structures

The precursor solution is prepared by dissolving LiNO3 (anhydrous, Alfa Aesar),
Ni(NO3)2"6H2O (Alfa Aesar), and Mn(NO3)2"4H2O (Alfa Aesar) in methanol at a
stoichiometric ratio of 1:0.5:1.5. The precursor solution was aerosolized with a BGI onejet Collison nebulizer to generate ultra-fine precursor droplets. Methanol-saturated N2
carried the precursor droplets into the flame. The temperature field was measured with a
Pt/Rh thermocouple without correction for radiation heat loss. If the thermocouple were
inserted into the pyrolysis flame, the deposition of metal oxides on the thermocouple
bead would affect the measurement accuracy. Thus, during the measurements of
temperature over the entire flame, only pure methanol (i.e., without the metal nitrate
precursors) was atomized to form fine methanol droplets, and then delivered into the
same hydrogen flame. The measured temperature profile was plotted based on an average
of 20 measurements at each point with a precision of ±5 °C. The enthalpy required to
decompose the precursor nitrates was calculated to be less than 0.3% of the total heat of
reaction at standard conditions. Thus, it is expected that the nitrate precursors in the
pyrolysis flame would have a negligible effect on flame temperature. Experiment showed
that the measured peak temperature of the flame without nitrate precursors was 1205 °C
compared to 1155 °C for the flame with precursors at 1.5 cm HAB. A possible
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explanation for the temperature difference could be the radiative heat loss from the assynthesized powder. Thus, the H2/methanol flame temperature profile can be considered
to be approximately that of the flame producing LiNi0.5Mn1.5O4 powder.

The flame-assisted pyrolysis technology designed to produce LiNi0.5Mn1.5O4 powders has
two distinct colors: crimson red near the burner exit and dark orange in the upper regions
of the flame, as shown in Figure 4.1a. The red color is characteristic of Li and indicates
the region of decomposition of the LiNO3 precursor. The dark-orange color is believed to
result from a combination of emissions from Li (red), Mn (yellowish green), and Ni
(green) in the flame. It is also possible that some of the dark-orange color is due to
radiation from particles in the flame. When atomizing pure methanol without any metal
nitrate precursor, the H2/methanol/air diffusion flame is blue near the base and has a light
red tone near the tip. Thus, the dark-orange luminance was used to identify the synthetic
reaction of spinel-LiNi0.5Mn1.5O4 particles in the pyrolysis flame. No soot or other
carbonaceous species were observed in the final powder. In the pyrolysis flame, the
formation mechanism of the LiNi0.5Mn1.5O4 is expected to sequentially involve the
evaporation of the methanol solvent, decomposition of the nitrates and reaction to form
the metal oxide.
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Figure 4.1 Images of FlameA producing the spinel LiNi0.5Mn1.5O4 powder (left) measured flame
temperature profile (middle) and flame without precursors (right). Temperature is in Celsius.
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In Figure 4.1b, the measured flame temperature contours for Flame A (the flame
conditions used to produce the powders but without the nitrates) are shown opposite a
photograph of a pyrolysis flame producing LiNi0.5Mn1.5O4 powder. The flow rate of H2 is
0.5 lpm and methanol vapor feed rate (from the bubbler) is 0.3 g min-1. The highest
temperature of the flame is 1205 °C, which occurs at 1.5 cm above the burner, and the
temperature decreases slightly to about 1100 °C at the flame tip. Although both H2 and
methanol behave as fuels, preferential diffusion of H2 over methanol near the burner exit
apparently promotes a higher temperature near the base. Figure 4.1b also shows that the
temperature increases slowly in the center of the flame before it reaches 700 °C at a HAB
of 8.0 cm, and then the temperature increases quickly. Before reaching 700 °C the solvent
methanol has evaporated and the precursors are expected to have decomposed. However,
the synthesized powders pass through flame temperatures that are considerably higher
than the temperatures normally used in solid-state reactions, spray pyrolysis and sol-gel
methods (600 to 1000 °C) [46, 120, 175]. Flame temperatures above 1000 °C may lead to
the formation of some impurity phases, such as various metal-oxides; however, the flame
temperature could not be lowered further without inducing flame instabilities.

When the flow rate of H2 is increased and the flow rate of the atomizing gas (methanolsaturated N2) is decreased, the red flame zone expands and the orange zone shortens. As
seen in Table 4.1, the flame temperature at 1.5 cm HAB is 1325 °C in Flame B and
1500 °C in Flame C. The increase in the temperature at the flame tip is less (Table 4.1).
The as-produced powders from Flames A, B, and C were collected and the crystal
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structures were compared as analyzed by XRD, as seen in Figure 4.2. All the three as
produced powders from different flames have shown the typical XRD pattern of spinel
structures. No impurity phase was detected by XRD, except for the splitted peak near 62°
for the powder from Flame C (red line). Therefore, the highflame temperature is not
detrimental for the LiNi0.5Mn1.5O4 powder quality if only seeing the XRD spectrums.
Moreover, LiNi0.5Mn1.5O4 appears to be more thermodynamically stable over LiMn2O4.

A
B
C
C

B

A

Figure 4.2 XRD pattern of the asproduced LiNi0.5Mn1.5O4 powder from different flames.

The lattice constant a and the dspacing of the powders made in the higher temperature
flames (Flame B and C) are larger than those made at lower temperature (Flame A). This
is consistent with the expectation that oxygen deficiency will be greater at higher
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synthesis temperatures (Table 4.1). In addition, although disordered spinel LiNi0.5Mn1.5O4
(Fd!m space group) has an oxygen-deficient structure, extended oxygen loss at higher
temperature will cause the formation of impurities that may deteriorate the powder
quality. Previous studies showed similar results that at elevated temperature, phase
decomposition of spinel-LiMn2O4 caused the formation of the Mn3O4 impurity [73, 127].
Thus, to minimize the amount of impurity, a low temperature flame is preferred.

Table 4.1 Different pyrolysis flames and the crystallographic data of the as-synthesized powders.

Flow rate / lpm
Flame
H2

Atomizing
gas N2

Measured flame temperature
/ °C
1.5 cm HAB

Flame tip

Crystallographic data / Å
9-

Lattice

spacing

parameter 0

A

0.50

2.53

1205

1100

4.7835

8.285

B

0.82

2.28

1325

1165

4.7856

8.289

C

1.20

2.03

1500

1210

4.7901

8.297

4.1

Crystallographic Analysis

A comparison of the XRD patterns of the as-synthesized LiNi0.5Mn1.5O4 powder and the
powder annealed at 800 °C in air is shown in Figure 4.3. The as-synthesized powder
shows broader XRD peaks, indicating a nanocrystalline structure, as seen in Figure 4.3a.
The average grain size of the nanocrystalline LiNi0.5Mn1.5O4 is about 16 nm as calculated
from the Scherrer equation with the fwhm (full width at half maximum) of plane (400).
The lattice parameter, a and cell volume, V, of the as-synthesized powder are 8.285Å and
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568.76 Å3, respectively, as determined by Rietveld cell refinement. These values are a bit
higher than the experimental values obtained from other methods, e.g., 8.172 Å and
545.75 Å3 from the molten salt method, and 8.180 Å and 547.34 Å3 from spray pyrolysis
[116, 176]. The reason for this may be due to the effect of high oxygen deficiency in the
powder, which would reduce the average oxidation state of Mnn+ from 4+ to 3+. It is
known that the ionic radius of Mn3+ is larger than Mn4+, and thus an oxygen deficiency
would increase the lattice parameter a and cell volume V [116]. In addition, as shown in
the inset of Figure 4.3a, a small amount of impurity Mn2NiO4 (Mn3+, Ni2+) is detected.
The (422) plane is a minor peak but the major peaks of Mn2NiO4 overlapped with the
LiNi0.5Mn1.5O4 spectrum at 2! of 30° and 36°. The impurity Mn2NiO4 also has an Fd!m
space group structure with a slightly larger lattice-parameter a of 8.370 Å. Thus, the
existence of this impurity phase increases the average lattice constants during the cellrefinement calculation. The formation of this impurity phase may be due to a
decomposition reaction of LiNi0.5Mn1.5O4 at temperatures above 1000 °C.
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Figure 4.3 XRD patterns of the flame-synthesized LiNi0.5Mn1.5O4 powder: (a) as-synthesized; (b) after
annealing at 700 °C for 2hr.

For the as-synthesized powder, post heat-treatment is necessary to remove the impurity
and reduce the oxygen defect. Annealing is also important to optimize the crystal
structure of the powder. The LiNi0.5Mn1.5O4 can have two different space group
structures: Fd!m space group with weak oxygen deficiency, or P4332 space group with
no oxygen deficiency, and these structures are highly dependent on the heat treatment
temperature. LiNi0.5Mn1.5O4 can remain as Fd!m space group at low and high annealing
temperatures. When the temperature is near 600 °C, a P4332 space group structure may
be produced [177]. In this experiment, 800 °C was chosen as the annealing temperature,
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followed by slow cooling in air. After annealing in air at 800 °C for 2hr, the XRD
spectrum shows good agreement with the pure-phase spinel LiNi0.5Mn1.5O4 with an Fd!m
space group, as seen in Figure 4.3b. No impurities are detectable and the XRD peaks are
sharper and narrower, indicating better crystallinity and larger crystal size. Compared to
the as-synthesized powder, the annealed powder has a higher average valence of Mnn+,
and the lattice-constants a (8.196 Å) and V (550.51 Å3) are closer to those for powders
made via the molten salt method (8.172 Å and 545.75 Å3) and the spray-pyrolysis method
(8.180 Å and 547.34 Å3) [116, 176]. After annealing, the oxygen defect is considerably
lowered than for the as-synthesized powder.

4.2

Powder Morphology

The improved crystallinity after annealing can also be directly observed by SEM and
TEM analysis. The as-synthesized powder shows a similar morphology to the powder
made by spray pyrolysis, being spherical in shape, as seen in Figure 4.4a and 4.4b. The
particle sizes range from 30 nanometers to about 1 micron. After annealing, the small
particles do not exist and the larger particles clearly show a faceted structure, as seen in
Figure 4.4c and 4.4d. The crystallinity of the annealed powder appears to be better than
the as-synthesized powder. The particle size distribution is expected to be the same.
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Figure 4.4 Morphology of the LiMn0.5Ni1.5O4: (a) SEM photo of the powder before annealing; (b)
TEM photo of the powder before annealing; (c) SEM photo of the powder after annealing; (d) TEM
photo of the powder after annealing. Embedded figure in c is the elemental mapping of the particle
surface using SEM-EDX (Red: Mn; Green: Ni).
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4.3

Electrochemical Performance of 5 V SpinelLiNi0.5Mn1.5O4

4.3.1

Voltage Profile and Capacity

The electrochemical properties of the annealed LiNi0.5Mn1.5O4 powder are evaluated with
a 2032 coin-type test cell. The LiNi0.5Mn1.5O4 powder, polyvinylidene-fluoride (PVdF)
binder, and Super-P conductive-carbon-black are mixed at a ratio of 82:10:8 by mass in
the cathode. A freshly assembled Li/LiNi0.5Mn1.5O4 cell shows about a 2.7 V opencircuit-potential before charging, indicating that the cell is not short-circuit internally. In
a Li-ion rechargeable-battery, Li+ is the transported component during charge/discharge
cycles. During charging, the Li+ migrates from the host cathode LiNi0.5Mn1.5O4 matrix
where an oxidation reaction occurs towards the anode. A reduction reaction occurs at the
cathode during discharging. In the experiment, the test cell was charged and discharged at
a constant current of 14.9 mA g-1 at 30 °C with a cut-off voltage of 4.9 and 3.5 V,
respectively. As seen in Figure 4.5, the voltage rises from 2.7 V to 4.9 V during charging,
and then drops from 4.9 V to 3.5 V during discharging. The overall charge/discharge
curves show good agreement with spinel LiNi0.5Mn1.5O4 having an Fd!m space group
structure [116, 176]. Two distinct plateaus (I and II) are observed around 4.7 V
corresponding to a Ni2+/4+ redox couple. A small plateau around 4.0 V is also observed
during both charge and discharge, as indicated by arrows in Figure 4.5. This 4 V plateau
is attributed to the Mn3+/4+ redox couple. For the perfect LiNi0.5Mn1.5O4 structure (P4332
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space group), the average oxidation state of the Mn is 4+. For the Fd!m structure,
LiNi0.5Mn1.5O4 remains as an oxygen-deficient spinel and the average oxidation state of
the Mn is slightly lower than 4+. In other words, a small portion of the Mn appears as 3+
instead of 4+. As a result, the Mn3+/4+ redox reaction, as seen in spinel LiMn2O4 will also
be seen here at 4 V. This is consistent with the 4 V plateau during discharge being
relatively long, which reduces the capacity of the cell at 4.7 V.

Figure 4.5 First charge/discharge curves of Li/LiNi0.5Mn1.5O4 cell at C/10 rate at 30 °C. Powder for
cathode was produced in Flame-A and annealed at 800 °C for 2 hr.

The cell shows a total charge capacity of 110 mAhg-1, and total discharge capacity of 92
mAhg-1 when summing the capacities at the 4 and 4.7 V plateaus, indicating a large
irreversible capacity loss of about 18 mAhg-1. The reason for this can be explained as a
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result of the oxidation of the electrolyte EC/DEC at high voltage during the charge and
discharge [53]. The capacity of the flame-synthesized LiNi0.5Mn1.5O4 powder is
consistent with that of the nanostructured powders made by emulsion drying and solidstate reaction, which is in range of 80 to 100 mAhg-1 [48, 178]. Nonetheless, compared to
bulk (micron-sized) material [46, 48, 49], the flame-synthesized powder shows a lower
capacity.

4.3.2

Cycle Performance

Figure 4.6 shows the cycle performance of cell at C/10 rate between 3.5 and 4.9 V at
room temperature. Despite the low capacity (c.a. 90 mAhg-1), the flame-synthesized
disordered LiNi0.5Mn1.5O4 powder shows better cycle life over LiMn2O4. In LiMn2O4, the
average valence state of Mnn+ is 3.5 due to the presence of an equal amount of Mn4+ and
Mn3+. The Mn3+ concentration in LiMn2O4 is considered high enough to induce the JahnTeller distortion and consequently the capacity fading. However, the Jahn-Teller
disordering of Mn3+ is eliminated in LiNi0.5Mn1.5O4 because Mn is mainly tetravalent and
the Ni4+/2+ redox couple drives the reaction across the two electrodes. As a result, the
disordered LiNi0.5Mn1.5O4 synthesized from the flame shows improved cycle life. As
discussed earlier, the coulombic efficiency at the first cycle is low, due to the oxidation of
electrolyte at high voltage and SEI layer formation. When the cycle test continues, the
coulombic efficiency increases rapidly and is stabilized at 98%. After 100 cycles,
approximately 94% of the initial capacity retains.
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Figure 4.6 Cycle performance of Li/LiNi0.5Mn1.5O4 cell at C/10 rate at 30 °C. Powder for cathode was
produced in FlameA and annealed at 800 °C for 2 hr. (Solid circle: discharge capacity; open circle:
charge capacity; cross: coulombic efficiency)

4.3.3

Rate Performance

The rate performance test of the flamemade LiNi0.5Mn1.5O4 powders is carried out by
elevating Crates every 10 cycles, from C/10 to 1C between 3.5 to 4.9 V. No significant
capacity drop is observed during the rate test, as seen in Figure 4.7. After switching back
the current density to C/10 rate, the capacity of LiNi0.5Mn1.5O4 electrode is almost
identical to the capacity at the first few cycles at C/10 rate. Therefore, no irreversible
capacity loss occurred for LiNi0.5Mn1.5O4. In the meanwhile, the coulombic efficiency of
the LiNi0.5Mn1.5O4 cell increases at elevated Crates. At 1C rate, the coulombic efficiency
exceeds 99%. However, the operation voltage drops significantly from 4.7 V at C/10 to
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4.2 V at 1C due to a kinetic effect, as seen in Figure 4.8. Electrode formulation needs to
be optimized to improve the rate capability of the LiNi0.5Mn1.5O4.

Figure 4.7 Rate performance of Li/LiNi0.5Mn1.5O4 cell at room temperature. Powder for cathode was
produced in FlameA and annealed at 800 °C for 2 hr. (Solid circle: discharge capacity; open circle:
charge capacity; cross: coulombic efficiency)
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Figure 4.8 Discharge voltage profile of Li/LiNi0.5Mn1.5O4 cell at elevated C-rates.

4.4

Summary

A flame spray pyrolysis process was developed to synthesize 5 V, spinel LiNi0.5Mn1.5O4
cathode materials for lithium-ion batteries. The flame showed a unique appearance, being
a combination of the emission characteristics of the metals in the precursors. The XRD
analysis showed that the as-synthesized powder had a spinel-type structure and it is
nanocrystalline. However, high oxygen deficiencies may lead to form Mn2NiO4 at
elevated flame temperature. As-synthesized LiNi0.5Mn1.5O4 from flame did not show
significant amount of impurity phase due to its high thermostability, therefore no
extensive oxygen loss can occur. To remove the defects in the powder and improve the
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crystallinity, the powder was annealed at 800 °C for 2 hr in air. After annealing,
LiNi0.5Mn1.5O4 could be indexed as a single-phase spinel Fd ! m structure with
controllable oxygen deficiency (disordered spinel). No ordered spinel (P4332) structure
was observed in this study. SEM and TEM images also showed that the annealed powder
had larger crystallite-sizes, and smooth, clean surfaces.

A test cell constructed from the annealed LiNi0.5Mn1.5O4 powder as a cathode material
showed that the powder was electrochemically active and had good performance. The
initial charge capacity was about 110 mAhg-1, and the discharge capacity was 92 mAhg-1,
which included capacity at both 4 and 4.7 V plateaus. The irreversible capacity loss was
attributed to the oxidation of the chosen electrolyte at high voltage during
charge/discharge. The flame-made spinel LiNi0.5Mn1.5O4 powders also showed superior
cycle life and rate capability over spinel LiMn2O4 by eliminating the Jahn-Teller effects.
Nonetheless, the electrode made from this powder needs to be optimized to achieve a
better rate capability. From these results, flame-assisted spray pyrolysis was shown to
have potential for the production of valuable materials for energy storage applications.
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Chapter 5!
Layered-Layered Li-Ni-Mn-Oxide
Composite Materials for High-Energy Liion Batteries
3

3
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In the previous chapters, a flame process was discussed for the synthesis of Mn-based
cathode materials, spinel LiMn2O4 and LiNi0.5Mn1.5O4. These materials have shown
comparable electrochemical performance to those synthesized via spray pyrolysis, solidstate reaction and wet-chemistry processes. Although Ni is added to the spinel framework
to stabilize the structure and all the Mn cations therefore are tetravalent (to avoid JahnTeller effect), LiNi0.5Mn1.5O4 spinels are only cycled in the 5 V region, displaying a
capacity of c.a. 140 mAhg-1. Many efforts have been reported to increase the capacity of
Mn-based materials, by adopting a layered structure [33, 179-182]. Among them, the
layered Li-excess Li[Li(1/3-2a/3)NiaMn(2/3-a/3)]O2 (0 < a < 1/2) synthesized at high
temperature can deliver over 200 mAhg-1 between 2.0 and 4.6 V with a good cycle life
[33, 179, 180, 182]. The Li-excess materials can be considered as an integration of two
layer-structured

materials:

monoclinic

Li2MnO3

(C2/m)

and

rhombohedral

LiNi0.5Mn0.5O2 (R!m), forming a rock-salt-type α-NaFeO2 structure with R!m space
group [33, 183]. Therefore, they can be reformulated as layered-layered integrated
composites xLi2MnO3!(1-x)LiNi0.5Mn0.5O2 (where 0 ! x !1). The two chemical formulas
are equivalent with:

!"#$%&'(#)*&'+

+

(5.1)+

The cation disordering in the transition metal layer between Li2MnO3 and LiNi0.5Mn0.5O2
improves the stability of the overall structure, thus enhancing the cycle life. The initial
charge of the layered-layered composite materials involves extraction of octahedral Li+
and release of oxygen with a net loss of Li2O, occurring above 4.5 V vs. Li [183-185].
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The coulombic efficiency is low at the first cycle due to the irreversible loss of Li in form
of Li2O. Surface treatment, e.g., acid etching and surface coating with phosphate, can
enhance the rate and cycle capabilities, and also improve the coulombic efficiency, but
adds complexity to the synthesis processes [183-185]. Due to the presence of monoclinic
C2/m phase Li2MnO3, the high capacity over 200 mAhg-1 can be only achieved at a very
low current density, between C/20 and C/50 [33, 179, 180, 182]. Fortunately, by adopting
nanostructured morphologies: porous and nano-size primary particles, these composite
materials can show an improved rate capability [37, 99].

As discussed in Chapter one, coprecipitation process is the conventional process for
synthesizing the nanostructured composite materials. The state-of-the-art high
performance composite materials were initially demonstrated with a lab-scale
coprecipitation process, which requires controlling the stirring speed, temperature, pH
and concentration for producing high-quality materials [37, 99]. However, the
stoichiometry of the powder may vary from batch to batch so that the product consistency
can be a challenge. Meanwhile, the sodium from the coprecipitation agent (Na2CO3) may
not be completely washed off from the precipitates, hence it becomes a major
contaminant in the final powder. For these reasons, the coprecipitation process needs to
overcome all these technical challenges and barriers at scale up. The spray pyrolysis
process is environmental friendly, less resource and capital intensive, simpler and faster.
Additionally, the process ensures a good uniformity and precise control of chemical
composition within the particle and from particle to particle. In addition, no
precipitation/chelating agent is required for the spray pyrolysis process. To date, no
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studies have reported producing composite cathode materials with a capacity over 250
mAhg-1 in the spray pyrolysis process. In this research, the synthesis of porous Li-excess
xLi2MnO3"(1-x)LiNi0.5Mn0.5O2 (where 0 ! x !1) composite materials via a spray
pyrolysis will be demonstrated.

5.1

Material Synthesis via Spray Pyrolysis

The spray pyrolysis uses a tubular aerosol flow reactor to produce Li-excess xLi2MnO3"
(1-x)LiNi0.5Mn0.5O2 (0.3 ! : ! 0.7) composite materials, as shown in Figure 2.1. The
precursor solution was prepared by dissolving LiNO3, Mn(NO3)2"4H2O and
Ni(NO3)2"6H2O at a stoichiometric ratio in the deionized water. The total molar
concentrations of Mn(NO3)2"4H2O and Ni(NO3)2"6H2O is maintained at 2 moleL-1. The
corresponding Li concentration can be calculated based on the x values in the xLi2MnO3"
(1-x)LiNi0.5Mn0.5O2 composites. The precursor solution was aerosolized with a one-jet
air-assisted nebulizer (Collison, BGI Inc.), where fine precursor droplets in the micronsize range were produced. Typically, the pressure of atomizing gas (air) was maintained
at 40 psi and the corresponding gas flow-rate was 3.3 lpm. After aerosolization, the
precursor aerosols flowed into a preheater maintained at 250 °C (wall temperature) and
then a vertical ceramic tube furnace heated at 700 °C. At the preheater outlet, the gas
temperature was measured to be 100 to 130 °C. Downstream of the reactor, the asproduced powders were collected by a membrane filter (Nuclepore™ track-etched
polycarbonate membrane, pore size: 0.2 #m ). The particle size distribution of the as97

synthesized powder was measured with an in-line electric-low-pressure-impactor (ELPI,
DEKATI) at the furnace reactor outlet. The as-produced powders were commonly
annealed at 800 °C for 2 hr and following by slow cooling at 3 °C min-1 unless it is
specified otherwise in the research.

5.2

Elemental Analysis

The stoichiometry of the nitrate precursor solution was measured by ICP-MS before
making powders with the spray pyrolysis system, as seen in Table 5.1. The precursor
solutions with x between 0.3 and 0.7 have shown good agreement with the theoretical
stoichiometry of the composite materials (±5% accuracy). The stoichiometry of powders
before and after annealing was also evaluated using ICP-MS by digesting the powders in
concentrated

nitric

acid

and

hydrochloric

acid

solution.

An

example

of

0.5Li2MnO3·0.5LiNi0.5Mn0.5O2 (or simply Li1.2Ni0.2Mn0.6O2) powders under different
heat treatments is shown in Table 5.2. The as-synthesized powders are stoichiometric
compounds, and this stoichiometry is well preserved after annealing at 800 °C from 2 hr
to 10 hr. Therefore, no detectable Li loss from evaporation is observed in either the
synthesis process or the post annealing process. Since the stoichiometry of the precursor
solution is identical to the stoichiometry of the powders before and after annealing, the
elemental ratio of the metals in the precursor solutions obtained from ICP-MS can
represent the stoichiometry of the powders made from them.
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Table 5.1 ICP-MS analysis of :Li2MnO3!(;<:)LiNi0.5Mn0.5O2 precursor solution

=">?(@A* ="?(BCDE"BCD@>*
x
(1-x)

63$'#$&"%05*/&'"%3"'8$&#.*
Li
Ni
Mn

F)<8$0)G#$9*
Ni

Li

Mn

0.3

0.7

1.13

0.30

0.57

1.08(8)

0.28(3)

0.51(7)

0.4

0.6

1.17

0.25

0.58

1.12(8)

0.25(0)

0.55(0)

0.5

0.5

1.20

0.20

0.60

1.20(9)

0.59(5)

0.20(5)

0.6

0.4

1.23

0.15

0.62

1.33(6)

0.16(2)

0.63(8)

0.7

0.3

1.26

0.11

0.63

1.31(6)

0.12(2)

0.67(8)

Table 5.2 ICP-MS elemental analysis of 0.5Li2MnO3·0.5LiNi0.5Mn0.5O2 (or Li1.2Ni0.2Mn0.6O2)
precursor and the powders under different heat treatment.

Normalized Elemental Composition

Samples

Li

Mn

Ni

As-synthesized

1.22

0.60

0.20

800 °C for 2 hr

1.24

0.60

0.20

800 °C for 10 hr

1.24

0.60

0.20

Stoichiometric Values

1.2

0.6

0.2

5.3

Particle Size Distribution

Figure

5.1

shows

the

particle

size

distribution

of

the

as-synthesized

xLi2MnO3"(1-x)LiNi0.5Mn0.5O2 (e.g., x = 0.5), as measured by ELPI. The particle size
distribution displays a lognormal distribution with a geometric standard derivation of c.a.
1.46. The geometric mean diameter of this powder is c.a. 0.74 µm, so that the powders
from the spray pyrolysis are generally considered as submicron particles, with a few of
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them falling into nano size (40 nm) and micron size ranges (c.a. 8 µm). The particle
number density is 4.8$106 #cm-3.

Figure 5.1 Particle size distribution of the as-synthesized composite material :Li2MnO3!(;<
:)LiNi0.5Mn0.5O2 as measured using ELPI.

5.4

Crystallographic Analysis

5.4.1

X-Ray Powder Diffraction

Layered composite materials with a general formula xLi2MnO3"(1-x)LiNi0.5Mn0.5O2 (0.3
! x ! 0.7) were synthesized via a spray pyrolysis process. The XRD patterns of the asproduced powders are shown in Figure 5.2. Due to the nano-size crystallite, the XRD
peaks are very broad and certain peaks overlap between 35° and 40° (2θ). According to
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research reports from Dahn et al., the XRD pattern of this type can be indexed as either a
spinel-type low-temperature LiCO2 (Fd!m) structure or layered (R!m) structure [179,
180]. Nonetheless, the XRD patterns are also similar to that of the lithiated-LiCoO2-type
structure with a spinel Fd!m symmetry [186]. As the composite material is Li-excess and
the synthesis temperature is sufficient high (700 °C), the as-produced powders are
considered adopting the lithiated-LiCoO2 type structure.

Figure 5.2 XRD pattern of as-produced (non-annealed) nanostructured :Li2MnO3·
H;<:ILiNi0.5Mn0.5O2 (where :*= 0.3, 0.5 and 0.7) powders from spray pyrolysis.
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After annealing at 800 °C for 2 hr, the layered-layered composite xLi2MnO3"
(1-x)LiNi0.5Mn0.5O2 (0.3 ! x ! 0.7) can be clearly indexed as rhombohedral symmetry
with the R!m space group , as seen in Figure 5.3. All the XRD spectrums of composite
materials have shown a broad peak between 20 and 25° (2θ, arrow in Figure 5.3),
indicating the superlattice ordering of Li and Mn cations in transition-metal layers for
Li2MnO3 (3a sites) [179, 187]. The broad XRD peak is considered as an evidence of the
presence of the Li2MnO3-type structure (C2/m symmetry) [37, 99]. Moreover, HRTEM
shows that the nano-domains of the Li2MnO3 structure integrate into the layered R!m
structure, rather than forming a solid-solution between Li2MnO3 and LiNi0.5Mn0.5O2 [188,
189]. The magnitude of the Li2MnO3-type Bragg peaks increases with the amount of
Li2MnO3 in the composite materials, as seen in Figure 5.3. The (018) and (110) peaks
near 65° (2θ) start to split as the x value increases due to the growing of the parent
hexagonal cells with R!m symmetry and formation of a more compact structure [181,
189]. The Li2MnO3-type structure is expected to be significant for maintaining structural
stability and consequently the electrochemical properties of the composite materials.
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Figure 5.3 XRD pattern of composite material :Li2MnO3!(;<:)LiNi0.5Mn0.5O2 (: = 0.3, 0.4, 0.5, 0.6
and 0.7) annealed at 800 °C for 2 hr.

5.4.2
Figure

Rietveld Cell Refinement
5.4

shows

the

XRD

pattern

of

0.5Li2MnO3·0.5LiNi0.5Mn0.5O2

(or

Li1.2Ni0.2Mn0.6O2) and the calculated XRD pattern based on the single-phase Rietveld cell
refinement.

The

assumption

0.5Li2MnO3·0.5LiNi0.5Mn0.5O2

is

adopted

that
a

the
single

composite
phase

material

solid-solution

Li[Li0.2Ni0.2Mn0.6]O2 structure, in which a small proportion of Li ions occupy the
octahedral sites in the transition metal layer. It shows that, except for the broad peak
between 20° and 25° from the Li2MnO3-type structure, the whole pattern can be indexed
as the rhombohedral R!m structure.
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Figure 5.4 Single-phase Rietveld cell refinement of 0.5Li2MnO3·0.5LiNi0.5Mn0.5O2 (or
Li1.2Ni0.2Mn0.6O2) powder annealed at 800 °C for 2 hr. The structure parameter and the refined
results are shown in Table 5.3.

The refined cell parameters in Table 5.3 also show good agreement with the results
obtained using WPF method in Jade 9, as seen in Figure 6.4. Rietveld refinement result
also confirms that some Ni ions exchange with the Li at (3a) sites, consistent with early
observations by Dahn et al. [180]. The reason is understood to be the similar ionic radius
of Ni2+ (!!" !! = 0.69 Å) and Li+ (!!" ! = 0.76 Å), which makes them exchangeable at 3a Li
sites. The reliability factor wRp and Rp are slightly higher than 10% due to the presence
of Li2MnO3 phase. Therefore a two-phase Rietveld refinement is necessary to get a better
fitting.
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Table 5.3 Rietveld cell refinement parameters and results of the 0.5Li2MnO3·0.5LiNi0.5Mn0.5O2 (or
Li1.2Ni0.2Mn0.6O2) powder annealed at 800 °C for 2 hr.

atom

site

fractional coordinates

Li1

3a

0

0

0

0.965

Ni2

3a

0

0

0

0.035

Mn1

3b

0

0

0.5

0.600

Ni1

3b

0

0

0.5

0.165

Li2

3b

0

0

0.5

0.235

O1

6c

0

0

0.243616

1.000

Space group

!!!

a/Å

2.856795

c/Å

14.242840

V/Å

3

100.667

wRp

14.62%

Rp

10.93%

R(F2)

5.78%

Chi2

3.086
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occupancy

5.5

Powder Morphology

The powders produced via spray pyrolysis, e.g., 0.5Li2MnO3·0.5LiNi0.5Mn0.5O2 (or
simply Li1.2Ni0.2Mn0.6O2), are spherical in shape and in the nano to micron size range, as
seen in Figure 5.5a. It is anticipated that the powders have a very high packing density
with the smaller particles filling in the interparticle spacing of larger particles. The asproduced powder is nanocrystalline, and shows nano- to mesoporous morphology (Figure
5.5b). As the particle size increases to c.a. 5 to 10 µm, semi-spherical-shaped porous
particles are also observed (SEM images not shown). The irregular-shaped particles can
be removed by removing larger precursor droplets using a cyclone or an impactor prior to
entering the furnace reactor.

After annealing at 800 °C for 2 hr, the spherical shape is preserved, and the particles
appear to be more porous and coarsened, as shown in Figure 5.6. It also shows that for
sample x = 0.7 (Figure 5.6c), the primary particles are larger and the surface is more
porous than that of the other samples with smaller x values. Therefore, the ratio of
Li2MnO3 and LiNi0.5Mn0.5O2 in the materials has significant effect on sintering process of
the composite materials. This morphology change was also observed during the synthesis
of Li(1+x)Ni0.25Mn0.75O(2.25+x/2) via coprecipitation process at Argonne National Laboratory
[37].

Their observation indicates that a higher Li concentration will produce more

coarsened secondary particles with larger primary particles under the same heat treatment.
The reason is explained to be a sintering effect during lithiation and calcination processes.
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a

b

Figure 5.5 SEM photographs of as-produced (non-annealed) nanostructured
0.5Li2MnO3·0.5LiNi0.5Mn0.5O2 (or simply Li1.2Ni0.2Mn0.6O2) powders from spray pyrolysis.

107

Figure 5.6 Porous morphology of composite materials :Li2MnO3!(;<:)LiNi0.5Mn0.5O2 as observed by
SEM: (a) :=0.3; (b) :=0.5; (c) :=0.7. The powders were annealed at 800 °C for 2 hr.
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5.6

Electrochemical Performance

5.6.1

Voltage Profile and Capacity

Figure 5.7 shows the initial charge/discharge curves of xLi2MnO3!(1-x)LiNi0.5Mn0.5O2
(e.g., x = 0.3, 0.4, 0.5 and 0.6) cells tested at a constant current density of 11.5 mAg-1 at
room temperature (23 °C). All the cells show a two-step charge profile and a smooth
discharge profile between 2.0 and 4.6 V. In the first cycle, the voltage slowly climbs from
3.5 V to 4.5 V due to the Ni2+/Ni4+ redox couple during the extraction of Li. At c.a. 4.5 V,
a voltage plateau appears, which is attributed to the removal of Li and O from Li2MnO3
[33, 190]. The reactions in the composite materials during charging can be written as
!"!"!!! !"!!! !! ! ! ! !" ! ! ! !!!!! !"!!! !! ! ! ! !

(5.2)

!!!"! !"!! ! !!!" ! ! !!!"!! !!!!!!! ! !!! !

(5.3)

!"#"$%&'$(")*$+#,'-*.+%*'/0,
!!!"!! !!!!!!! ! ! !!!"!! ! ! !! ,,

,

(5.4),

!$(")*$+#,&".'-,&"+$%*'/0,

The net loss in the two-step Li-extraction reactions is Li2O from the Li2MnO3, after
which the electrochemically active MnO2 component is produced. The composition of
fully charged electrode can be written as xMnO2!(1-x)Ni0.5Mn0.5O2 theoretically, where
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Mn and Ni both are tetravalent and they occupy the octahedral sites. MnO2 is also in a
layered arrangement that the layered structure is not disrupted after the Li2O extraction.
The length of the 4.5 V plateau increases with x values, and on the other hand the
capacity from Ni2+/Ni4+ redox couple decreases. The turn-up of the voltage profile near
the end of charge above 4.7 V may be from the oxidation of the electrolyte, which can
provide excess capacity. During the discharge process, Li can be reinserted into the
tetrahedral interstitial sites in MnO2, forming LiMnO2 (Mn4+ ! Mn3+). From the ongoing
discussion, the discharge of the xMnO2!(1-x)Ni0.5Mn0.5O2 electrodes from c.a. 4.6 V to
2.0 V is characterized by three steps: (1) Ni4+ is reduced to Ni3+ occurring between 4.6
and 3.9 V; (2) Ni3+ is further reduced to Ni2+ between 3.9 and 3.5 V; (3) reduction of
Mn4+ to Mn3+ forming LiMnO2 between 3.5 and 2.9 V. Therefore, the theoretical charge
and discharge capacity of the composite electrodes xLi2MnO3!(1-x)LiNi0.5Mn0.5O2 (e.g., x
= 0.3, 0.4, 0.5 and 0.6) can be easily calculated based on Faraday’s law, as seen in Table
5.4. For example, a fully charged 0.5MnO2!0.5Ni0.5Mn0.5O2 electrode (or simply
Mn0.75Ni0.25O2 electrode from 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2), has a theoretical
discharge capacity of 252 mAhg-1, in which 63 mAhg-1 comes from Ni4+/Ni3+, 63 mAhg-1
is from Ni3+/Ni2+ and 126 mAhg-1 is from Mn4+/Mn3+. The discharge capacities of these
composite materials between 4.6 and 2.9 V as measured using coin cells, have shown
good agreement to their theoretical calculations. Moreover, for x = 0.5, the composite
electrode shows a coulombic efficiency of c.a. 80% in the first cycle, which is the highest
among the composite materials produced.
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Figure 5.7 Initial charge-discharge voltage profile vs. capacity of the composite materials
:Li2MnO3!(;<:)LiNi0.5Mn0.5O2 ($C-CJ :=0.3, 0.4, 0.5 and 0.6). The current density is 11.5 mAg-1, with a
cut-off voltage between 2.0 and 4.9 V. The test is performed at room temperature, 23°C
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Table 5.4 Theoretical capacity of the layered composite materials :Li2MnO3!H;<:ILiNi0.5Mn0.5O2 and
the corresponding chemical formula in the solid-solution format.

:Li2MnO3!
H;<:ILiNi0.5Mn0.5O2

Charge
Li[Li(1/3-2a/3)NiaMn(2/3-a/3)O2

Capacity
/ mAhg

Discharge Capacity
/ mAhg-1

-1

Ni4+/Ni2+

Mn4+/Mn3+

Total

341

184

79

263

1/4

360

154

103

257

0.5

1/5

378

126

126

252

0.6

2/13

396

99

148

247

x

a

0.3

7/23

0.4

5.6.2

Cycle Performance

Figure 5.8 shows the cycle performance of the xLi2MnO3!(1-x)LiNi0.5Mn0.5O2 (where x =
0.3, 0.4, 0.5 and 0.6) electrodes at a current density of 23 mAg-1 between 2.0 and 4.8 V.
The cycle test is performed at room temperature 23 °C. For x " 0.5, the materials have
better capacity retention and efficiency than those for x < 0.5, due to the presence of
sufficient Li2MnO3-type phases stabilizing the structure. The surface area of these
materials is also expected low due to the larger primary particle size, thus the side
reactions (dissolution of active species and oxidation of electrolyte) can be minimized.
With equal amount of Li2MnO3 and LiNi0.5Mn0.5O2 phases, the composite material yields
a superior cycleability and capacity: over 225 mAhg-1 after 20 cycles with coulombic
efficiency

of

over

98%.

Moreover,

the

coulombic

efficiency

of

0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 at the first cycle is the highest among the composite
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materials tested. Nonetheless, an excess amount of Li2MnO3 phase for x = 0.6, is believe
to decrease the electrochemical activity of the composite material and the capacity
thereof, because Li2MnO3 is not electrochemically active. Capacity fading of electrodes
with x = 0.3 and 0.4 is also observed, which is unlikely due to Jahn-Teller distortion of
Mn3+ at deep discharge. It is known that in a fully discharged composite material, after
the fist cycle, the electrode composition can be written as xLiMnO2!(1-x)LiNi0.5Mn0.5O2,
where Mn is trivalent in LiMnO2 and tetravalent in LiNi0.5Mn0.5O2, and Ni is divalent. If
x is less than 0.5, the average oxidation state of Mn is higher than +3.5 and the JahnTeller distortion would not play a significant role to deteriorate the structural stability of
the composite electrodes. One possible reason for the capacity fading could be the
smaller primary particle size in these materials (x < 0.5), which provides a sufficiently
large surface area for size reactions. After a longer calcination time, the composite
materials with less Li2MnO3 phase are expected to show a better capacity retention.
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Figure 5.8 Cycling performance of the composite material :Li2MnO3!(;<:)LiNi0.5Mn0.5O2 (where
:=0.3, 0.4, 0.5 and 0.6). The current density is 23 mAg-1, with a cut-off voltage between 2.0 and 4.8 V.
The test is performed at room temperature, 23°C.

114

5.6.3

Rate Performance

0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 (or Li1.2Ni0.2Mn0.6O2) is selected for the rate performance
test, because it displays the highest capacity and the best cycleability. A slightly higher
cut-off voltage, 4.9 V, is selected for the complete activation of the electrode in
compensation for the kinetic effects. As seen in Figure 5.9, starting at 23 mAg-1, the
current density is increased every five cycles till it reaches 230 mAg-1, and is then
switched back to 23 mAg-1 for the future cycles. As previously observed, the coulombic
efficiency of the test cell increases for the first few cycles before reaching an “efficiency
plateau”. At a constant current density of 115 mAg-1, 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 (or
Li1.2Ni0.2Mn0.6O2) delivers roughly 200 mAhg-1 with a 99% efficiency (Figure 5.9a).
Divided by the discharge capacity at the first cycle (250 mAhg-1), the normalized
capacity is 80% at a 115 mAg-1 discharge rate. When the current density increases to
230 mAg-1, the cell supplies c.a. 170 mAhg-1 with a very high efficiency, 99.5%. At this
current density, the normalized capacity retention is 70%, and no severe irreversible
capacity

loss

is

observed.

After

switching

back

to

23

mAg-1,

the

0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 electrodes can supply 240 mAhg-1 with an average
efficiency

of

98.2%.

The

corresponding

discharge

voltage

profiles

of

the

0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 at different C-rates are showing smooth curves. As the
current density exceeds 46 mAg-1, only a moderate polarization is observed.
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Figure 5.9 Cycle performance of 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 (or Li1.2Ni0.2Mn0.6O2) after annealing
at 800°C for 2 hr: (a) cycle life at elevated Crates; and (b) corresponding voltage profile at elevated
Crates.
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5.7

Annealing Conditions

The post annealing process is important to refine the crystal structure and grow the
crystallites in the materials. In this research, 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 composite
material is annealed at different temperatures for different time periods. In order to
maintain a good porosity for the powder, only a moderate temperature is applied in the
post annealing process, i.e. 600 to 800 °C. At 600 °C, the grain size and primary particle
size will not grow noticeably. Therefore, efforts are focused in the temperature range
between 700 and 800 °C. 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 annealed at 700 °C (2 hr) adopts
lithiated-LiCoO2-type structure, with a spinel-type Fd ! m structure, due to
exchange/mixing of Li and Ni cations in 16c and 16d sites [180, 186], which will be
discussed in Chapter 6. The lithiated-LiCoO2-type 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 shows
an inferior cycleability to the powder annealed at 800 °C.

A longer annealing time at the high-temperature, i.e., 800 °C, is also studied.
0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 powders are annealed at 800 °C for 2 hr and 10 hr, and
then fabricated into test cells. The ICP-MS data shows that the stoichiometry of the
powder is preserved after annealing at 800°C for 2 hr and 10 hr, as shown in Table 5.2.
As shown in Figure 5.10, 0.5Li2MnO3!0.5Li Ni0.5Mn0.5O2 annealed at 800°C for 2 hr and
10 hr can be indexed as α-NaFeO2 structure with R!m space group (rhombohedral
symmetry). However, the powder annealed for 10 hr shows asymmetry peaks for (104)
and (018) planes. The asymmetry of XRD peaks is believed to be due to the overlapping
of XRD peaks with R!m structure and spinel Fd!m structure [37], or more likely
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between R ! m structure and monoclinic Li2MnO3 type (C2/m) structure. With
stoichiometric amount of Li in the composite material, it is unlikely to form a spinel-type
structure with tetravalent Mn. For this reason, the broadening of these peaks is considered
to originate from the nano domains of the Li2MnO3-type structure. Nonetheless, the
powder annealed for 10 hr remains porous and its primary particles appear to be larger, as
observed by SEM (Figure 5.11a and 5.11b).

Figure 5.10 XRD pattern of 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 (or Li1.2Ni0.2Mn0.6O2) after annealing at
800°C for 2 hr and 10 hr. Arrows indicate the broadening of peaks towards lower degrees (2θ).
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Figure 5.11 Porous morphology of composite materials :Li2MnO3!(;<:)LiNi0.5Mn0.5O2 preserved
after annealing at 800 °C for 10 hr and 2 hr.
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Figure 5.12 shows the cycle performance of the powder annealed for 2 hr and 10 hr. The
10 hr annealed powder experiences a slow activation process, c.a. 20 cycles, to achieve a
capacity over 220 mAhg1 at 23 mAg1 between 2.0 and 4.8 V. The reason for the slow
activation process may possibly be due to the larger domains of Li2MnO3type phase as
previously observed. It is known that Li2MnO3 is electrochemically inactive, which can
induce a large kinetic barrier for Li transportation.

Figure 5.12 Cycle performance of 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 (or Li1.2Ni0.2Mn0.6O2) after
annealing at 800°C for 2 hr and 10 hr, at 23 mAg1 between 2.0 and 4.8 V.

The BET specific surface area of the 10 hr powder is measured to be 13.34 m2g1
compared to 20.94 m2g1 of the 2 hr annealed powder. As seen in Figure 5.11, all the
particles remain the spherical shape, so that the interparticle sintering effect is considered
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very minor. For this reason, the increase in primary particle size predominantly accounts
for the decrease in the specific surface area of the powder. The larger primary particle
size may also lead to the slow electrochemical activation that the reconstitution reaction
of Li2MnO3 is kinetically unfavorable due to the strains within the large primary particles.
Therefore, the 10 hr annealed powder is not subjected to the rate performance test.
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5.8

Summary

Mesoporous xLi2MnO3!(1-x)LiNi0.5Mn0.5O2 (0.3 # x # 0.7) composite materials have
been synthesized via a spray pyrolysis process with post-annealing process (typically at
800 °C for 2 hr). All the powders produced are spherical in shape and submicron in size.
Under the same synthesis condition, the powders appear to be more coarsened with larger
primary particles as the x value increases from 0.3 to 0.7. The composite materials have a
rock-salt type structure, which can be index as an rhombohedral R!m structure. Li2MnO3type structure is also observed for the composite material on the XRD spectrum, and its
intensity increases with x values. Rietveld cell refinement of the XRD pattern of the
composite material 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 indicates that some of Ni ions
exchange with (3a) Li ions due to similar ionic radius in the composite material. At the
first charge, the composite materials show a smooth increase in voltage due to the Ni2+/4+
redox couple and then display a voltage plateau near 4.5 V due to electrochemical
extraction of Li2O from Li2MnO3. The length of 4.5 V plateau increases with Li2MnO3
content in the composite materials.

Among the composite materials synthesized, 0.5Li2MnO3!0.5LiNi0.5Mn0.5O2 has shown
the highest coulombic efficiency in the first cycle, and most importantly the highest
discharge capacity and most superior cycle life: over 225 mAhg-1 after 20 cycles with an
efficiency of c.a. 98.4% at 23 mAg-1 charge/discharge rates. Moreover, the
0.5Li2MnO3!0.5LiNi0.5Mn0.5O2

composite

shows

excellent

rate

capability,

i.e.,

200 mAhg-1 at 115 mAg-1 rates, which is the highest among all the materials that have
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ever been synthesized via the spray pyrolysis process. When x is less than 0.5, the
xLi2MnO3·(1-x)LiNi0.5Mn0.5O2 composites have very poor cycle life due to the extremely
small primary particles that potentially can lead to side reactions. It is also found that
powders annealed for a longer time require longer activation process in order to show a
comparable capacity with the powders annealed for shorter periods of time, which might
be due to either the larger domains of monoclinic Li2MnO3 phase or the larger primary
particle sizes.
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Chapter 6!
Integrated Layered-Spinel Li-Ni-MnOxide Composite Materials for HighEnergy Li-ion Batteries
4

4
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Recently, a layered-spinel integrated composite lithium-nickel-manganese oxide
Li1.375Mn0.75Ni0.25O2.4375 within the LiMn1.5Ni0.5O4-Li2MnO3-LiNi0.5Mn0.5O2 system was
developed at Argonne National Laboratory [35, 37, 99, 191]. The material exhibits
promising capacity, rate capability and cycle life. Li1.375Mn0.75Ni0.25O2.4375 can deliver
200 mAhg-1 at a current density of 230 mAg-1, which is the highest reported capacity
among the Li-excess high-energy cathode materials [37]. This high performance is
understood to be due to the layered-spinel (R!m + Fd!m) integrated structure and the
porous morphology composed of nano-sized primary particles [37]. This class of
materials has a general formula given by Li(1+x)Mn0.75Ni0.25O(2.25+x/2) (0 # x # 1/2),
wherein the oxidation states of the metals are considered to be [Li+], [Mn4+] and [Ni2+]
[37, 99, 191]. Li1.375Mn0.75Ni0.25O2.4375 can be expressed as Li1.1Ni0.2Mn0.6O1.95, which can
be considered as a Li-deficient Li[Li(1/3-2a/3)NiaMn(2/3-a/3)]O2 material, wherein a equals 1/5.
In this paper, the alternative formula Li(1.2-$)Ni0.2Mn0.6O(2-$/2) (0 # $ # 1/10) is employed,
as it can better demonstrate the extent of Li deficiency in the composite materials.

The conventional method of synthesis of the composite materials involves coprecipitation
of transition metal carbonates, post-lithiation and calcination at high-temperature [37, 99].
The powder is polycrystalline and shows a unique core-shell structure, where the electron
diffraction pattern and preferred-growth direction of the core is different from that of the
shell [37]. While the performance of Argonne’s powder is excellent, the synthesis process
is a multistep, slow, energy intensive process. In addition, the particle size and
morphology produced from co-precipitation is not ideal, nor is the process readily
scalable. Alternatively, we propose a novel spray pyrolysis method for synthesis of
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porous high-energy cathode materials. In doing so, we also evaluate whether: (1) a
capacity over 200 mAhg-1 can be achieved without the unique core-shell morphology; (2)
the integrated layered-spinel structure in Li-deficient Li(1.2-$)Ni0.2Mn0.6O(2-$/2) (0 # $ #
1/10) materials can be form with mixed precursors as opposed to post-lithiation; (3) a
more uniform, spherical product can be produced for this promising class of materials,
with improved nano- and microstructures. We will also evaluate the effect of annealed
temperature on the electrochemical properties of the porous Li(1.2-$)Ni0.2Mn0.6O(2-$/2) (0 #
$ # 1/10) materials.

6.1

Material Synthesis via Spray Pyrolysis

The spray pyrolysis method uses a tubular aerosol flow reactor, as shown in Figure 2.2, to
produce Li-excess Li(1.2-$)Ni0.2Mn0.6O(2-$/2) (0 # $ # 1/10) composite materials. The
precursor solution was prepared by dissolving LiNO3, Mn(NO3)2!4H2O and
Ni(NO3)2!6H2O at a ratio of (1.2-$):0.6:0.2 in deionized water. The total molar
concentrations of Mn(NO3)2!4H2O and Ni(NO3)2!6H2O were maintained at 2 moleL-1.
The corresponding Li precursor concentration can be calculated based on the $ values in
Li(1.2-$)Ni0.2Mn0.6O(2-$/2) composites. For example, for $

= 0, the composite is

Li1.2Ni0.2Mn0.6O2, and the precursor solution contained 1.5 moleL-1 Mn, 0.5 moleL-1 Ni,
and 3 moleL-1 Li cations.
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The precursor solution was aerosolized with an air-assisted nebulizer (one-jet Collison
nebulizer, BGI Inc.) to aerosolize the precursor solution, wherein fine precursor droplets
in the micron-size range were produced. The flow rate of atomizing gas (air) was
maintained at 3.3 lpm at 40 psi. After aerosolization, the precursor aerosols flowed into a
preheater maintained at 200 to 300 °C (wall temperature) and then a vertical ceramic tube
furnace. At the preheater outlet, the gas temperature was measured to be c.a. 100 to
130 °C, therefore, decomposition reactions did not occur for the nitrates during water
evaporation in the preheater. The wall temperature of the tube furnace was kept at 700 °C,
controlled by three independent temperature controllers. Downstream of the reactor, the
as-produced powders were collected with a membrane filter. In this work, the powders
were annealed at 700 and 800 °C for 2 hr following by slow cooling at 3 °C min-1. To
delineate the different powders, the annealing temperature will be shown in brackets after
the material formula, e.g., Li1.2Ni0.2Mn0.6O2 (800 °C) indicates the powder was annealed
at 800 °C.

6.2

Elemental Analysis

ICP-MS analysis of the precursor solution for synthesizing Li(1.2-$)Ni0.2Mn0.6O(2-$/2)
powders shows good agreement with the stoichiometry of the material, as shown in Table
6.1. The composite powder is also believed to preserve the stoichiometry after the heat
treatment for the reasons discussed in section 5.2.
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Table 6.1 ICP-MS results for the precursor solution and theoretical charge/discharge capacities

Measured stoichiometry

Initial

from ICP-MS

Charge

Theoretical
stoichiometry

capacity

Discharge

Coulombic

capacity

efficiency

mAhg

-1

%

Li

Mn

Ni

mAhg-1

Li1.1Ni0.2Mn0.6O1.95

1.10(0)

0.59(3)

0.20(7)

352.9

240.6

68.2

Li1.15Ni0.2Mn0.6O1.975

1.16(2)

0.59(3)

0.20(7)

365.7

246.4

67.4

Li1.2Ni0.2Mn0.6O2

1.20(9)

0.59(5)

0.20(5)

378.2

252.2

66.7

*The numbers in brackets indicate the uncertainty.

6.3

Particle Size Distribution

Figure 6.1 shows the particle size distribution of the as-synthesized composite materials
Li(1.2-$)Ni0.2Mn0.6O(2-$/2) ($ = 0). The particle size distribution displays a lognormal
distribution with a geometric standard derivation of 1.50, as measured by ELPI. The
geometric mean diameter of the as-produced powder is c.a. 0.76 µm, so that the powders
are predominately submicron particles, with a few of them falling into nano size (40 nm)
and micron size ranges (c.a. 8 µm). The particle number density is c.a. 4.3%106 #cm-3.
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Figure 6.1 Particle size distribution of the as-synthesized composite material Li(1.2-")Ni0.2Mn0.6O(2-"/2)
as measured using ELPI

6.4

Crystallographic Analysis

6.4.1

X-Ray Powder Diffraction

Figure 6.2 shows XRD patterns of Li(1.2-$)Ni0.2Mn0.6O(2-$/2) ($=0, 1/20, 1/10), after
annealing at 700 °C and 800 °C. All of the XRD patterns show a broad peak between 20°
and 25°, indicating the superlattice ordering of Li, Mn and Ni cations in the transitionmetal layer (3a sites) [179, 187]. At the higher annealing temperature 800 °C, the XRD
peaks of the powders are sharper indicating a larger grain size. Li1.2Ni0.2Mn0.6O2 (800 °C)
shows a nearly identical XRD pattern to Li1.1Ni0.2Mn0.6O1.95 (700 °C), and the pattern can
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be indexed to !-NaFeO2-type structure with R!m space group. Li1.2Ni0.2Mn0.6O2 (700 °C)
shows a single peak near 65° 2!, which may suggest that it is adopting a different crystal
structure other than R!m. An identical XRD spectrum was observed by Dahn’s research
group for Li[Li(1/3-2a/3)NiaMn(2/3-a/3)]O2 with high Ni concentrations, i.e., x " 1/3, when
heated between 600 °C and 900 °C [180, 186]. In that work, the structure was considered
to be isostructural to lithiated-LiCoO2 with a spinel-type Fd ! m structure, due to
exchange/mixing of Li and Ni cations in the 16c and 16d sites [180, 186]. By decreasing
the Li concentrations in the material, the exchange/mixing effect can be reduced.
Therefore, Li1.15Ni0.2Mn0.6O1.975 (700 °C) and Li1.1Ni0.2Mn0.6O1.95 (700 °C) adopt
predominately an R!m structure, as seen in the upper XRD patterns in Figure 6.2b and
6.2c.

Certain peaks in the XRD spectrum of Li1.1Ni0.2Mn0.6O1.95 (700 °C) are broadened
towards smaller angles near 36°, 44° and 65° 2!, as indicated by the arrows in Figure
6.2c. This broadening is not observed for the layered R!m Li1.2Ni0.2Mn0.6O2 (800 °C).
The peak broadening is similar to an earlier observation [37] on an integrated layeredspinel structure synthesized via coprecipitation with post-lithiation. Johnson et al.
suggested that the spinel structure (Fd ! m) and the layered structure (R ! m) are
structurally compatible and can mix physically at the atomic level forming an integrated
composite [35, 37, 191]. The similarity of the XRD patterns produced from spray
pyrolysis suggests that the Li1.1Ni0.2Mn0.6O1.95 (700 °C) may also have an integrated
layered-spinel structure, as seen in Figure 6.3.
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At a higher annealing temperature, Li1.15Ni0.2Mn0.6O1.975 (800 °C) and Li1.1Ni0.2Mn0.6O1.95
(800 °C) both undergo a phase transition from & -NaFeO2 type structure (R!m) to
monoclinic Li2MnO3-type structure (more likely with C2/c space group) [99]. The
observed

monoclinic

Li2MnO3-type

structure

was

also

detected

in

Li(1+x)Mn0.75Ni0.25O(2.25+x/2) (where x=0, 1/4) prepared via coprecipitation of mixed metal
oxide precursors [99]. The R!m phase and Li2MnO3-type phase may coexist in the
material due to extensive overlapping of XRD peaks. However, there is no indication that
the transformation occurs for Li1.2Ni0.2Mn0.6O2 (800 °C) heated at the same temperature.
Therefore, more Li per formula unit helps retain the R ! m symmetry at higher
temperatures. With only a 4% decrease in total Li, the transformation tends towards the
more thermodynamically stable structure.
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Figure 6.2 XRD pattern of the Li(1.2-δ)Ni0.2Mn0.6O(2-δ/2) (δ=0, 1/20, 1/10) powders after annealing
treatment: (a) δ=0; (b) δ =1/20; and (c) δ =1/10. The arrows indicate the broadening of the peaks.
Solid circles show the splitting and separation of peaks, indicating the formation of Li2MnO3-type
structures.
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Figure 6.3 Stacking of XRD patterns of spinel-LiNi0.5Mn1.5O4, layered Li1.2Ni0.2Mn0.6O2 and layeredspinel Li1.1Ni0.2Mn0.6O1.95.

6.4.2

WPF Cell Refinement

Cell refinement was applied to estimate the lattice parameters of the powders for the most
predominated R!m structure. In the refinement, it was assumed that the rhombohedral
R!m structure still dominates in Li1.1Ni0.2Mn0.6O1.95 (800 °C), as the XRD peaks of the
R!m structure can overlap with that of the Li2MnO3-type structure with C2/m symmetry.
As seen in Figure 6.4, the lattice constant c, the c/a ratio, and the unit cell volume
decrease roughly linearly with Li content, while the lattice constant a increases.
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Figure 6.4 As-estimated lattice parameters of Li(1.2-δ)Ni0.2Mn0.6O(2-δ/2) for different Li-content using
WPF method.

The decrease in the c/a ratio and unit cell volume is consistent with the formation of the
spinel-type structure for Li1.1Ni0.2Mn0.6O1.95 (700 °C). At an annealing temperature of
800 °C, the lattice constant c, the c/a ratio and the unit cell volume of the powders are
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almost independent of Li-content, as seen by the open circles in Figure 6.4.
Li1.2Ni0.2Mn0.6O2 (800 °C) and Li1.1Ni0.2Mn0.6O1.95 (700 °C) both adopt an R!m structure
and show almost identical lattice constants c and unit cell volume. However, the a value
is slightly higher for Li1.2Ni0.2Mn0.6O2 (800 °C). This may suggest that the excess Li may
occupy the Li layers, which may supply more intercalatable Li.

6.4.3

Integrated Layered-Spinel Structure

The microstructure of Li1.2Ni0.2Mn0.6O2 (800 °C) and Li1.1Ni0.2Mn0.6O1.95 (700 °C) were
studied by high-resolution TEM (HR-TEM), as shown in Figure 6.5. The former has a
typical layered R!m structure. The measured interplanar spacing is 4.76 ± 0.18 Å along
(001) plane. To identify the monoclinic Li2MnO3 phase, a Fourier transform was applied
to this portion of the fringe structure on the HR-TEM image. The Fourier transform from
the Li1.2Ni0.2Mn0.6O2 (800 °C) material has clear reflections from both rhombohedral
!"# and monoclinic phases [36], as shown in the inserted image in Figure 6.5a.
Therefore, it can be concluded that nano domains of R!m and monoclinic phases are
present and integrated in the Li1.2Ni0.2Mn0.6O2 powders produced from spray pyrolysis.

The HR-TEM image of Li1.1Ni0.2Mn0.6O1.95 (700 °C) shown in Figure 6.5b, indicates that
the nano domain of “non-layered” structures (5-10 nm) is structurally integrated with the
layered structure. The Fourier transform of the selected area shows great similarity to the
electron diffraction pattern of the spinel LiMn2O4 [192], as seen in Figure 6.5b. This
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observation is consistent with the spinel feature obtained by XRD (Figure 6.2c and 6.3),
which shows some peak broadening towards lower 2! (see arrows). Therefore,
Li1.1Ni0.2Mn0.6O1.95 (700 °C) is considered to be a layered-spinel integrated structure. The
measured interplanar spacing is 4.72 ± 0.07 Å along the (001) planes, identical to the
(111) inter-reticular distance of the spinel LiMn2O4 [192]. The decrease in interplanar
spacing for Li1.1Ni0.2Mn0.6O1.95 (700 °C) is expected to be due to the lower occupancy of
Li between the two consecutive layers. A thorough discussion of the compatibility of
layered and spinel structure is given in reference [35, 37, 191, 193], utilizing phasediagrams, TEM, XRD and MAS NMR results. In summary, the microstructure analysis
indicates that the integrated layered-spinel structure exists in Li-deficient powders
synthesized via spray pyrolysis using mixed nitrate precursors.

136

Figure 6.5 Microstructures of the powders obtained by HR-TEM and FFT: (a) Li1.2Ni0.2Mn0.6O2 (800
°C), and (b) Li1.1Ni0.2Mn0.6O1.95 (700 °C). Circles indicate the nano-domains of spinel structure that
are integrated with the layered structure.
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6.5

Powder Morphology

The morphology of the powders produced via spray pyrolysis and annealing at 700 °C
and 800 °C was evaluated by SEM and TEM, as shown in Figure 6.6 and 6.7. The
powders have a morphology that is common for powders produced by spray pyrolysis:
they are spherical in shape, polycrystalline, and solid internally (i.e., not hollow). The
powders annealed at 700 °C preserve the shape and morphology of the as-synthesized
powders. As the annealing temperature is increased to 800 °C, the powders undergo
different degrees of sintering and coarsening. Li1.2Ni0.2Mn0.6O2 (800 °C) retains a porous
structure with nano-sized primary particles, as shown in Figure 6.6b. In contrast, the
Li1.1Ni0.2Mn0.6O1.95 (800 °C) powder is coarsened and the particle surface appears more
faceted than that of the other powders (Figure 6.6f). This suggests that the Li content in
the powder can significantly affect the sintering temperature, and consequently the
powder morphology.
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Figure 6.6 SEM photographs of the powders after annealing at 700 °C and 800 °C: (a, b)
Li1.2Ni0.2Mn0.6O2; (c, d) Li1.15Ni0.2Mn0.6O1.975; and (e, f) Li1.1Ni0.2Mn0.6O1.95. The annealing temperature
is shown on each photograph.

Porosity is considered important to improve the rate performance of high-energy cathode
materials [37]. Li1.2Ni0.2Mn0.6O2 (800 °C) is particularly attractive due to the well-defined
crystal structure and superior porous morphology observed in Figure 6.6. The TEM
morphology of Li1.2Ni0.2Mn0.6O2 (800 °C) particles, as shown in Figure 6.7a, indicates a
“dense” internal structure and nano-sized primary particles. The primary particles are c.a.
20 to 100 nm in size. As indicated by the arrows, nano-scale tunnels can be observed,
indicating an open pore structure throughout the particle. The microtome result shown in
Figure 6.7b reveals that the inner-particle is highly porous. The interparticle pore spacing
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varies from few nanometers to tens of nanometers in size, and is distributed uniformly
within the particle. This porous morphology may facilitate the interparticle transportation
of lithium and the electrodes made from these mesoporous materials have the potential of
having higher rate-capabilities than solid bulk materials.
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Figure 6.7 TEM photograph of the Li1.2Ni0.2Mn0.6O2 (800 °C) powders: (a) morphology of particle;
and (b) a crosssection of the particles sliced using microtome.
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6.6

Electrochemical Performance

6.6.1

Voltage Profile and Capacity

The electrochemical properties of all six powders were tested with coin cells. Figure 6.8
shows the initial charge/discharge between 2.0 and 4.9 V at a current density of 11.5
mAg-1. The CCCV (Constant-Current, Constant-Voltage) charging procedure was applied
to all test cells in this study. For the powders annealed at 700 °C, all three materials show
a dominantly two-staged charge profile (except for the small kink near 3 V for
Li1.1Ni0.2Mn0.6O1.95), and a very smooth discharge profile, as shown by the dash-lines in
Figure 6.8. During the initial charge, the voltage slowly climbs from 3.5 V to 4.5 V
owing to the Ni2+/Ni4+ redox couple. At c.a. 4.5 V, a voltage plateau shows up, which is
attributed to the removal of Li2O from Li2MnO3 [33, 190]. The charge capacity increases
with increasing initial Li content in the material, as expected since more Li can be
extracted from the electrodes.

The

Li1.2Ni0.2Mn0.6O2

composite

material

can

be

described

as

0.5Li2MnO3!0.5LiNi0.5Mn0.5O2, being composed of two compatible “layered-layered”
structures in a 1:1 ratio. The theoretical charge capacity for Li1.2Ni0.2Mn0.6O2 is calculated
to be 378 mAhg-1 (Table 5.4), assuming that all of the Li can be extracted from the host
materials [33, 190]. The ideal composition of a fully charged electrode can be written as
Mn0.75Ni0.25O2, wherein both Mn and Ni are tetravalent (Mn4+, Ni4+) [33]. The theoretical
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Figure 6.8 Initial charge/discharge voltage profiles of the cells at a constant current density of 11.5
mAg1 between 2.0 and 4.9 V: (a) Li1.2Ni0.2Mn0.6O2; (b) Li1.15Ni0.2Mn0.6O1.975; and (c)
Li1.1Ni0.2Mn0.6O1.95. (dash line: annealing temperature 700 °C; solid line: annealing temperature at
800 °C)
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discharge capacity is 252 mAhg-1, of which 126 mAhg-1 is attributed to Ni4+/Ni2+ redox
couple and the other 126 mAhg-1 is via the Mn4+/Mn3+ redox couple. Based on the above
calculations, the coulombic efficiency should be 67% for the first cycle. The
experimental

results

show

that

at

a

constant

current

density

of

11.5 mAg-1 (c.a. C/20), Li1.2Ni0.2Mn0.6O2 (700 °C) and Li1.2Ni0.2Mn0.6O2 (800 °C) have
an initial charge capacity of 360 mAhg-1 and 343 mAhg-1, respectively. The former is
almost identical to the theoretical charge capacity. The lower initial charge capacity of
Li1.2Ni0.2Mn0.6O2 (800 °C) is possibly due to incomplete-activation at this current density,
owing to the closed-packed crystal structure. As discussed earlier, Li1.2Ni0.2Mn0.6O2
(700 °C) consists of nano-sized primary particles with a lithiated-LiCoO2 structure
(spinel type). Thus, all of the Li can be extracted with a deep charge due to the short
distance for Li diffusion. The discharge capacity for “spinel-type” Li1.2Ni0.2Mn0.6O2
(700 °C) is 240 mAhg-1 with a coulombic efficiency of 67%, also identical to the
calculated theoretical value. The layered Li1.2Ni0.2Mn0.6O2 (800 °C) shows an anomalous
discharge capacity of 266 mAhg-1, with a higher coulombic efficiency of 78%. The
discharge capacity is also higher than its theoretical value. The reason for the excess
capacity of this material has not been fully explained, but several hypotheses have been
proposed in the literature, e.g., surface/electrolyte reactions and capacitive effects, [183,
190].

Li-deficient composites Li1.15Ni0.2Mn0.6O1.975 and Li1.1Ni0.2Mn0.6O1.95 are designed to
have

the

layered-spinel

integrated

structure,

and

can

be

formulated

as

1/16[LiMn1.5Ni0.5O4] ! 15/16[Li2MnO3!LiNi0.5Mn0.5O2], and 1/8[LiMn1.5Ni0.5O4] !
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7/8[Li2MnO3!LiNi0.5Mn0.5O2], respectively. Their actual structures may be more complex,
and different from the ideal structure after heat treatment. The charge profiles of
Li1.1Ni0.2Mn0.6O1.95 (both 700 °C and 800 °C) electrodes have a small capacity near 3 V
(Figure 6.8c), indicating the presence of Mn3+ [99]. The 3 V region decreases for
electrodes with higher Li-content, and eventually is absent in Li1.2Ni0.2Mn0.6O2. The 3 V
capacity is considered to be evidence of the presence of spinel LiMn1.5Ni0.5O4 [37].
Therefore, the charge voltage profile confirms the presence of spinel structure in
Li1.1Ni0.2Mn0.6O1.95 (700 °C), consistent with XRD and HR-TEM results. As seen in
Figure 6.3 and 6.5b, Li1.15Ni0.2Mn0.6O1.975 (700 °C) and Li1.1Ni0.2Mn0.6O1.95 (700 °C)
show lower charge capacities, due to the lower Li content of these materials. In the ideal
fully charged state, the electrodes are expected to have the same composition,
Mn0.75Ni0.25O2, identical to the fully delithiated Li1.2Ni0.2Mn0.6O2. Therefore, the
discharge capacities of these electrodes are expected to be the same. However, as shown
by the discharge voltage profiles in Figure 6.8b and 6.8c, Li1.15Ni0.2Mn0.6O1.975 (700 °C)
and Li1.1Ni0.2Mn0.6O1.95 (700 °C) have a discharge capacity of 240 mAhg-1 and
217 mAhg-1, respectively. The initial capacity of Li1.1Ni0.2Mn0.6O1.95 (700 °C) is
noticeably lower than the theoretical value, for undetermined reasons.

Nonetheless, “Li2MnO3-type” Li1.15Ni0.2Mn0.6O1.975 (800 °C) and Li1.1Ni0.2Mn0.6O1.95
(800 °C) have significantly lower capacities compared to those powders annealed at
lower temperatures. Li1.1Ni0.2Mn0.6O1.95 (800 °C) has the lowest charge/discharge
capacities (c.a. 50-100 mAhg-1) among all the electrodes. The low capacity for Li2MnO3type materials was also observed for Li-excess cathode materials and Li2MnO3 made at
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high temperatures [29, 30, 99]. Moreover, the charge/discharge voltage profiles in Figure
6.8b and 6.8c for the powder annealed at 800 °C show severe polarization, indicating
extremely slow reaction kinetics. This suggests that the phase transformation
(rhombohedral

to

monoclinic)

can

induce

a

kinetic

barrier

for

Li

intercalation/deintercalation resulting a lower capacity.

6.6.2

Cycle Performance

The cycling performance of the electrodes was tested at a current density of 23 mAg-1
with a cut-off voltage between 2.0 and 4.8 V. In general, the powders annealed at 800 °C
show better capacity retention over those annealed at 700 °C, as indicated by the circles
and triangles, respectively, as seen in Figure 6.9. Li1.2Ni0.2Mn0.6O2 (800 °C) shows a
capacity of 256 mAhg-1 at the first cycle with a coulombic efficiency of 84%. In
following cycles, both the charge and discharge capacities drop and stabilize at roughly
225 mAhg-1, with an average coulombic efficiency above 98%. Li1.2Ni0.2Mn0.6O2
(700 °C), with the spinel-type lithiated-LiCoO2 structure, shows a lower discharge
capacity of 240 mAhg-1 with a coulombic efficiency of 70% at the first cycle. However,
the Li1.2Ni0.2Mn0.6O2 (700 °C) electrode fades very fast despite having a high efficiency.
At the 50th cycle, the electrode only retains 54% of its initial capacity, but with 99%
coulombic efficiency. Capacity fading is also observed for the Li1.15Ni0.2Mn0.6O1.975
(700 °C) electrode, for which the crystal structure (XRD pattern in Figure 6.2a and 6.2b)
is similar to that of Li1.2Ni0.2Mn0.6O2 (700 °C). After 50 cycles, the Li1.15Ni0.2Mn0.6O1.975
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(700 °C) electrode has a capacity of only 140 mAhg-1, 59% of its initial capacity. An
identical result was also observed by Dahn et al. for the Li[Ni1/3Li1/9Mn5/9]O2 and
Li[Ni1/2Mn1/2]O2 electrodes with the spinel-type lithiated-LiCoO2 structure [179, 194].
The reason for the fast capacity fading of Li1.2Ni0.2Mn0.6O2 (700 °C) and
Li1.15Ni0.2Mn0.6O1.975 (700 °C) is possibly due to a structure failure caused by Jahn-Teller
distortion for these spinel-type structures when a higher Li concentration is achieved
towards the end of discharge [191].

The capacity fading for the materials annealed at 700 °C is suppressed in
Li1.1Ni0.2Mn0.6O1.95 (700 °C) with the integrated layered-spinel structure, as indicated by
the triangles in Figure 6.9c. The initial capacity of Li1.1Ni0.2Mn0.6O1.95 (700 °C) is only
150 mAhg-1 at a constant current density of 23 mAg-1 between 2.0 and 4.8 V. After a few
cycles, the capacity increases to 200 mAhg-1, which is still much lower than its
theoretical value and inferior to layered Li1.2Ni0.2Mn0.6O2 (800 °C). The reason for the
poor capacity has not been determined. The coulombic efficiency of the layered-spinel
increases from 82% in the first cycle, to c.a. 99% at the 40th cycle. The coulombic
efficiency is slightly higher than that of layered Li1.2Ni0.2Mn0.6O2 (800 °C), possibly
owing to more spinel structures in the composite.
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Figure 6.9 Cycling performance of the cells at a constant current density of 23 mAg-1 between 2.0 and
4.8 V: (a) Li1.2Ni0.2Mn0.6O2; (b) Li1.15Ni0.2Mn0.6O1.975; and (c) Li1.1Ni0.2Mn0.6O1.95. (triangles: annealing
temperature is 700 °C; circles: annealing temperature is 800 °C)
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Li2MnO3-type Li1.15Ni0.2Mn0.6O1.975 (800 °C) and Li1.1Ni0.2Mn0.6O1.95 (800 °C) have
shown very low initial capacities at 23 mAg-1 (Figure 6.9b and 6.9c). The capacity climbs
over repeated cycles, however extremely slowly for Li1.1Ni0.2Mn0.6O1.95 (800 °C). To
electrochemically activate the electrodes, all three electrodes made from the cathode
powders annealed at 800 °C were charged and discharged at 11.5 mAg-1 between 2.0 and
4.9 V for the first cycle, and then switched back to 23 mAg-1 between 2.0 and 4.8 V for
future cycles. As seen in Figure 6.10b and 6.10c, the “activated” Li1.15Ni0.2Mn0.6O1.975
(800 °C) has a roughly constant discharge capacity of 150 mAhg-1, and the capacity of
Li1.1Ni0.2Mn0.6O1.95 (800 °C) has increased from c.a. 50 mAhg-1 to 120 mAhg-1. No
significant capacity climbing is observed for Li1.15Ni0.2Mn0.6O1.975 (800 °C), indicating a
successful activation under this condition. However, the Li1.2Ni0.2Mn0.6O2 (800 °C)
activated at 11.5 mAg-1 only holds about 200 mAhg-1 in subsequence cycles (Figure
6.10a), lower than the non-activated electrodes. A possible reason for this is the structure
change or damage when the Li concentration is over-depleted during the initial charge
process for the layered-type electrode [186]. Therefore, proper activation is critical to
maximize the cycle life and capacity for the Li-excess mix-layered or layered-spinel
materials.
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Figure 6.10 Cycling performance of the cells electrochemically activated at a constant current density
of 11.5 mAg-1 between 2.0 and 4.9 V, and then cycled at 23 mAg-1 between 2.0 and 4.8 V: (a)
Li1.2Ni0.2Mn0.6O2; (b) Li1.15Ni0.2Mn0.6O1.975; and (c) Li1.1Ni0.2Mn0.6O1.95. Annealing temperature is
800 °C for 10 hr.
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6.6.3

Rate Performance

Layered-spinel Li1.1Ni0.2Mn0.6O1.95 (700 °C) was selected for rate performance test, to
compare the layered Li1.2Ni0.2Mn0.6O2 (800 °C) composite material. As seen in Figure
6.11b, the performance of the Li1.1Ni0.2Mn0.6O1.95 (700 °C) electrode is very similar to
that of the Li1.2Ni0.2Mn0.6O2 (800 °C) electrode, except for having slightly lower capacity.
At a current density of 115 mAg-1 and 230 mAg-1, the normalized capacities are 84% and
69%, respectively. When charged to 4.9 V, the Li1.1Ni0.2Mn0.6O1.95 (700 °C) cell was
observed to reach 200 mAhg-1 immediately, without a long activation process. One
possible reason for this is that charging to 4.9 V may deplete the Li concentration to its
proper level and contribute to the electrochemical activation. However, at elevated
C-rates, Li1.1Ni0.2Mn0.6O1.95 (700 °C) shows inferior coulombic efficiencies, as compared
to Li1.2Ni0.2Mn0.6O2 (800 °C). In summary, the Li1.2Ni0.2Mn0.6O2 (800 °C) powder with
the highly mesoporous morphology shows better performance vis-a-vis energy density,
rate capability and efficiency. Therefore, the spinel-layered structure does not
significantly contribute to the rate capability and efficiency in this work.

152

Figure 6.11 Rate performance of the cells at elevated current density between 2.0 and 4.9 V: (a)
Li1.2Ni0.2Mn0.6O2 (800 °C); and (b) Li1.1Ni0.2Mn0.6O1.95 (700 °C). Coulombic efficiency corresponding
to each charge/discharge cycle is calculated and plotted, as shown in the figures
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6.7

Summary

Nanostructured Li(1.2-!)Ni0.2Mn0.6O(2-!/2) (!=0, 1/20, 1/10) high-energy materials were
synthesized via a spray pyrolysis method with mixed nitrate precursors. With different Li
content, the materials have shown different crystal structures, morphology and
electrochemical properties, especially for those annealed at high temperatures (800 °C).
Li1.2Ni0.2Mn0.6O2 preserves the R!m structure at high annealing temperature and shows a
layered-layered integrated structure. At low annealing temperature (700 °C),
Li1.2Ni0.2Mn0.6O2 shows a spinel-type lithiated-LiCoO2 structure due to exchange/mixing
of Li+ and Ni2+ ions in the transition metal layers. With decreasing Li content, a layeredspinel integrated structure is observed for Li1.1Ni0.2Mn0.6O1.95 by XRD and TEM, and
further validated by the cell voltage profiles. However, at high annealing temperatures,
Li1.1Ni0.2Mn0.6O1.95 and Li1.15Ni0.2Mn0.6O1.975 undergo phase transformation, forming a
Li2MnO3-type structure. The Li2MnO3-type materials have a very high activation barrier
for Li transportation, exhibiting poor capacities and rate capabilities.

On the other hand, the stoichiometry of the powder has significant effect on the crystal
structure and consequently the electrochemical performance of the composites materials.
With stoichiometric Li content, layered R ! m Li1.2Ni0.2Mn0.6O2 shows the best
electrochemical performance with regards to capacity, capacity retention, rate
performance and efficiency. The integrated layered-spinel structure, Li1.1Ni0.2Mn0.6O1.95
did

not

show

superior

electrochemical

performance.

The

layered-layered

Li1.2Ni0.2Mn0.6O2 powder that displayed the best rate-capability has a nano-structured
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morphology, consisting of mesoporous secondary particles made up of nano-sized
primary particles, allowing for a shorter Li diffusion distance. The spray pyrolysis
process and powders synthesized from this process hold promise and require further
optimization.
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Chapter 7!
Summary and Recommendations for
Future Work
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7.1

Summary of Results

The work presented in this dissertation studies the state-of-the-art aerosol processes,
which are capable of synthesizing nanostructured cathode materials for Li-ion batteries.
In particular, a prototype pyrolysis flame and a spray pyrolysis reactor were designed and
employed for producing uniform, spherical powders by means of droplet-to-particle
conversion processes. Flame process is widely used approach in the synthesis of ceramic
powders and some functional materials. Of particular interest is the multicomponent
metal-oxide powder for energy applications. In the flame synthesis, the exothermic
reaction between fuel and air generates heat to create a high temperature environment, in
which the heating is volumetric to provide uniform heating. The as-synthesis powders
from flames show uniform morphology. In contrast, spray pyrolysis requires external
heating, i.e., electric heating, and the heat will be transferred to the gas and aerosol by
conduction and convection. Therefore, no fuel is consumed in this process because
electricity is supplied to heat the reactor. The spray pyrolysis process is environmentally
friendly, less resource and capital intensive, simpler and faster. This process also ensures
uniformity and precise control of chemical composition within the particle and from
particle-to-particle. The spray pyrolysis reactor temperature is normally lower than the
flame; therefore, spray pyrolysis process can be applied for temperature-sensitive
material synthesis, i.e., the composite materials; and the flame process is employed for
synthesizing simple transition metal oxides, i.e., the spinels. Beginning with the flame
synthesis, a brief summary of the key results and findings in this dissertation is presented
below.
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7.1.1

Flame Pyrolysis

A good selection of precursors is critical for producing non-hollow particles and lowering
the manufacturing cost. The precursors are selected among lithium nitrate, manganese
nitrate and also nickel nitrate, which are dissolved in water or alcoholic solvent at
stoichiometric ratio serving as the precursor solution. The nitrates are highly soluble in
water and alcohol, and therefore the production rate of the final material is expected to be
high. Another advantage for using the nitrates is because of the narrow decomposition
temperature of Li, Mn and Ni nitrates, which allows uniform composition in each
individual particle. When using metal acetates as precursors, hollow or shell-type
morphology can be observed in the final powders. The acetates are less soluble in water
and not stable from temperature variations. In this study, precipitates are observed in
aged acetate solutions.

A prototype flame spray pyrolysis system is developed and has demonstrated being
capable of synthesizing spherical spinel-LiMn2O4 and spinel-LiNi0.5Mn1.5O4 metal oxides
with good electrochemical performance. The flame spray pyrolysis system is mainly
composed of a laminar hydrogen diffusion flame reactor and an atomizer. The precursor
solution is combustible due to the presence of large amount of methanol serving as the
solvent. In addition, the as-synthesized powder is non-hollow due to the high vapor
pressure of methanol. The flame-made powder is nano to micron in size, spherical in
shape, polycrystalline, free of agglomeration, and is expected to have a high packing
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density due to the lognormal particle size distribution. As a result of the high flame
temperature, an impurity Mn3O4 is detected from the decomposition of LiMn2O4 above
1000 °C. After a post-annealing treatment, the LiMn2O4 powder is recovered showing a
single-phase spinel structure in Fd!m space group. However, the uneven (311) and (400)
Bragg peaks indicated the presence of oxygen vacancies and these can harm the cycle life
of the LiMn2O4 powders. The charge/discharge performance of the flame-made LiMn2O4
powders before and after post-annealing is in good agreement with the electrochemical
characteristics of spinel LiMn2O4. Nonetheless, the annealed LiMn2O4 powder displays a
much higher capacity than the as-synthesized powder in the 4 V range due to elimination
of impurity phase and growing of the primary particles.

Oxygen loss is detrimental to the electrochemical performance of LiMn2O4, however it
can be favorable for LiNi0.5Mn1.5O4. LiNi0.5Mn1.5O4 has two structures: primitive simple
cubic P4332 with stoichiometric oxygen and face-center cubic Fd!m with oxygen
deficiency. Spray pyrolysis study shows that high calcination temperature (800 °C) leads
to the oxygen deficient spinel (Fd!m) and low calcination temperature (600 °C) produces
the ordered spinel (P4332). By utilizing the high flame temperature, disordered spinel
LiNi0.5Mn1.5O4 (Fd!m) can be synthesized in the flame spray pyrolysis process. The assynthesized LiNi0.5Mn1.5O4 from flame does not show a significant amount of impurity
phase due to its high thermostability, thus no extensive oxygen loss could occur. The
flame-made disordered spinel LiNi0.5Mn1.5O4 powder has lower capacity than that made
from spray pyrolysis. The reason is understood to be the defects (oxygen vacancies, or
dislocation) presented in the material from flame. Despite the low capacity, the cycle
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performance of Fd!m LiNi0.5Mn1.5O4 from flame has shown identical performance to the
powders from spray pyrolysis in terms of operation voltage and cycleability. The flame
process could produce high-quality cathode materials due to its high-temperature
environment.

7.1.1

Spray Pyrolysis

Porous

composite

materials

within

Li-Ni-Mn-O

system,

e.g.,

xLi2MnO3"

(1-x)LiNi0.5Mn0.5O2, have shown attractive properties including enormously high
capacity, good cycle life and wide voltage window. However, it would be very
challenging to synthesize high-quality composite material in the flame because the high
flame temperature can lead to phase separation, significant sintering and loss of porosity.
A state-of-the-art spray pyrolysis process is developed to produce the nanostructured
composite materials using a tubular aerosol flow reactor. The composite materials
produced from spray pyrolysis process are spherical in shape, submicron in size and
composed of nanosized primary particles. Most importantly, the particles are highly
porous and have no impurity phases, which are essential to the electrochemical
performance of composite materials.

Composite materials within a binary system xLi2MnO3"(1-x)LiNi0.5Mn0.5O2 (0.3 # x # 0.7)
and a ternary system LiNi0.5Mn1.5O4-Li2MnO3-LiNi0.5Mn0.5O2 have been studied using
the spray pyrolysis. The composite materials xLi2MnO3"(1-x)LiNi0.5Mn0.5O2 (0.3 # x #
0.7) from spray pyrolysis display a rhombohedral R!m structure, which integrate
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Li2MnO3 (C2/m) and LiNi0.5Mn0.5O2 (R!m) at the atomic level. Among the binary
composite materials, uniform, spherical powders consisting of nanostructured
0.5Li2MnO3"0.5LiNi0.5Mn0.5O2 (or simply Li1.2Ni0.2Mn0.6O2) has shown the best
electrochemical performance including highest coulombic efficiency, excellent cycle life
and rate capability. At the current density of 23 mAg-1, 0.5Li2MnO3"0.5LiNi0.5Mn0.5O2
attains over 250 mAhg-1 at first cycle and over 220 mAhg-1 at the 50th cycle at deep
discharge; and at 115 mAg-1, it can achieve 200 mAhg-1. Noticeable fading is observed
for the powder with x less than 0.5 in xLi2MnO3"(1-x)LiNi0.5Mn0.5O2, possibly due to the
oxidation of the electrolyte from the large surface area of the powders with small primary
particles. Nonetheless, the layered materials from spray pyrolysis have yielded some of
the highest performance cathode materials as a result of uniform composition and high
porosity.

By

decreasing

the

Li

content

in

0.5Li2MnO3"0.5LiNi0.5Mn0.5O2

(or

simply

Li1.2Ni0.2Mn0.6O2) and optimizing the heat-treatment conditions, a layered-spinel
integrated composite material Li(1.2-!)Ni0.2Mn0.6O(2-!/2) (! = 1/10) can be produced via the
spray pyrolysis process. Nano domains (5-10 nm) of spinel-type structure from Fd!m
LiNi0.5Mn1.5O4 are observed by HR-TEM and XRD. Unfortunately, it is against the
anticipation that the layered-spinel composites do not show noticeable improvement in
rate capability, but they have shown a drop in overall capacity at deep discharge.
Moreover, at elevated calcination temperatures, a phase transition from $ -NaFeO2 type
structure (R ! m) to monoclinic Li2MnO3-type structure (C2/m or C2/c) occurs in
composite materials Li(1.2-!)Ni0.2Mn0.6O(2-!/2) (! = 1/20 and 1/10), inducing a huge kinetic
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barrier in the electrodes. For these reasons, it can be concluded that Li-content has
significant impact on the crystal structure and the electrochemical performance of the
composite materials. Although the layered-spinel integrated structure can be synthesized
by altering the Li stoichiometry, the integrated layered-spinel structure is metastable
which can convert into a new phase at an elevated temperature.

In summary, by using aerosol synthesis processes we have produced spherical,
submicrometer- to micrometer-size particles with a unique, porous morphology. The size,
shape and porous structure of the powders produced by spray-pyrolysis are considered
superior to those produced by solid-state reactions and wet-chemistry processes. The
materials from spray pyrolysis have high consistency in different batches and can
preserve the stoichiometry of Li, Ni and Mn. The intraparticle and interparticle
composition of the powders is also uniform. These composite materials have
demonstrated reproducible high capacities and rate capabilities. However, little
optimization of either the materials or electrodes has been performed. With optimization
of size, morphology, chemical composition of the composite materials, the electrode
formulation and cell fabrication, we can expect state-of-the-art powders approaching
300 mAhg-1 (DOE’s goal in 2011).
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7.2

Recommendations for Future Work

7.2.1

Flame Pyrolysis

The flame process developed at this work used a hydrogen diffusion flame for powder
synthesis. Due to the high flame temperature and long residence time of the particles in
the flame, the primary particles are sintered together and an impurity phase is observed
for some materials. Based on the results in this dissertation, it’s recommended to make
the following improvements and studies on the process and the materials:
1. Design of a low-temperature flame will help remove the impurity phase or defects
in the powder. In the meantime, optimal residence time of the precursor in the
flame should also be investigated to reduce the sintering effect and maintain a
good porosity of the particles.
2. Methanol reacts as fuel in the flame process and also dissolves nitrate precursors
as solvent. Although methanol is not expensive and more renewable than the
metallic organics used in conventional flame-spray-pyrolysis (FSP) processes
[125, 142], water-based precursor solution should be studied to minimize the cost
of the flame process.
3. Particle size distribution may not be optimal for the powders as cathode materials.
The fines (c.a. less than 100 nm) should be removed, which may potentially cause
oxidation of electrolyte and dissolution of active species in the electrodes due to
the high surface area.
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4. High voltage LiNi0.5Mn1.5O4 from flame process did not show significant amount
of impurity phases, however it only delivered 90-100 mAhg-1 at C/10 rate. A deep
investigation should be made to understand the cause-effect of the performance.
5. Although turbulent flame has not been successful in this work, a continuing
exploring of turbulent flame should be worthy for large-scale practicing.

7.2.2

Spray Pyrolysis

The spray pyrolysis process developed has produced high-quality powders. Several
studies should be conducted for a better understanding of the aerosol process, and
improvements should be made to optimize the system and the materials.
1. Optimize the reactor temperature and corresponding annealing conditions for an
optimal porosity, primary particle size and crystal structure of the composition
materials.
2. Impact of the secondary particle size distribution and primary particle sizes
should be studied. More insights of the powder morphology and the formation
mechanism, e.g., hollow, irregular shaped and foam-like structured morphology,
are highly recommended. Numerical model may help predict the morphology of
the powders from various precursors.
3. The rate capability of the composite materials xLi2MnO3"(1-x)LiNi0.5Mn0.5O2
(0.3 # x # 0.7) besides x = 0.5, should be studied. A systematic study of the
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electrochemistry of these composite materials may give better understanding of
the significance of Li2MnO3 in the integrated structures.
4. Battery modeling can aid in developing strategies to understand and optimize cell
performance, particularly for new materials. A numerical model should be built to
understand the transport phenomena of Li ions in the porous particles and
electrode, and also to predict cycle life of the electrode.
5. New material composition should be studied, including doped materials with
lightweight, or electrochemically active elements or both, to improve the cycle
life, capacity and rate capability.
6. Cell optimization is essential to achieve the best performance of the powders.
Reasonable efforts should be done to optimize electrode composition (binder and
conductive material), cathode film thickness, electrode porosity, coupled anode
chemistry, electrolyte and operation temperatures.
7. Study of scale-up to for large-scale production is also important to address the
commercial viability of this process.
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Appendix A!
Spray Pyrolysis Synthesis of Spinel
LiMn2O4
A.1

Precursor Effects on Particle Morphology

Precursor chemistry and its physical properties are essential to determine the particle
morphology from spray pyrolysis processes. Metal nitrates and acetates, or a combination
of them were tested at the early stage of the work with spray pyrolysis system. The
precursors and experimental conditions are tabulated, as seen in Table A.1. Precursors
were selected among Li nitrate and acetate, Mn (II) nitrates and acetate. The physical
properties of these nitrates and acetates are shown in Table A.1. In general, the acetates
have a lower decomposition temperature than the nitrates, and manganese compounds
have a lower decomposition temperature than the lithium salts. Additionally, the lithium
nitrates, for instance, has a higher solubility than the lithium acetate as the water
temperature rises, which can potentially avoid precipitation of the salts, as seen in Figure
A.1. Solid (non-hollow) and hollow morphology have been observed with various
combinations of precursors during synthesizing LiMn2O4 powders, as shown in Table
A.2. Hollow morphology is not desirable because it will decrease the packing density of
the cell significantly. Heating temperature will also affect the morphology with certain
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combinations of precursors. With Li(HCOO)"2H2O and Mn(NO3)2"4H2O precursors,
slow heating (with the preheater on) will result in solid particles. However, rapid heating
from room temperature to reactor temperature (700-800 °C) can produce hollow particles.

Table A.1 Physical properties of the precursors.

Compounds

Melting
Point / °C

Boiling
Point / °C

Decomposition
Temperature /
°C

Li(HCOO)"2H2O

70

d.

LiNO3

264

Mn(HCOO)2"4H2O
Mn(NO3)2"4H2O

Solubility g per 100 cc
Cold
Water

Hot Water

338-470

30.0

very soluble

d 600

600

89.8

234

120

N/A

120

33

N/A

25.8

129.4

200-300

426.4

%

Source: Handbook of Chemistry and Physics College Edition, 48th Edition, 1967-1968; Ref. [195],
[196]. (d: decompose)

Figure A.1 Solubility of Li nitrate and acetate in water.
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If mixing Mn(NO3)2"4H2O precursor with either Li(HCOO)"2H2O or LiNO3, the assynthesized powders adopt a “solid” morphology that the internal of the particle is not
hollow.

In

contrast,

Li(HCOO)"2H2O

the

precursors

powders

produced

show

hollow

a

from

Mn(HCOO)2"4H2O

morphology.

The

solubility

and
of

Mn(HCOO)2"4H2O is more than one order of magnitude lower than that of
Mn(NO3)2"4H2O in water; therefore, it can precipitate near the droplet surface during
water evaporation. In the spray pyrolysis process, the first step for the precursor droplets
is evaporation of the solvent, i.e., water in this case. Near the droplet surface, the salt
concentration tends to be higher than that in the droplet due to the evaporation of solvent.
As a result if the salt solubility is low, precipitation could occur on the surface forming a
thin solid layer. The precipitated product will further decompose into metal oxides, which
is insoluble in water. Consequently, the oxide will sinter and form a thin crust on the
surface that the hollow morphology can be produced. The hollow particle can burst and
form shell structure under certain conditions, e.g., from evaporation of internally trapped
solvent. In contrast, both LiNO3 and Mn(NO3)2"4H2O have a much higher solubility than
the acetates and the solubility of the former increases with temperature. Therefore, a
homogeneous precipitation of the nitrates may occur in the precursor fine droplet during
the evaporation of water solvent at elevated temperatures, forming dry precursor aerosols.
After the thermal decomposition of the nitrates in the dry particles and a proper sintering
process, a porous morphology is then developed.
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Table A.2 Particle morphology with various precursors.

Precursor
at 1:2 molar ratio

Li(HCOO)"2H2O

Li(HCOO)"2H2O

LiNO3

Preheater

Reactor

Temperature

Temperature

°C

°C

300

700

N/A

700

300

700

N/A

700

300

700

Mn(HCOO)2"4H2O

Mn(NO3)2"4H2O

Mn(NO3)2"4H2O

Carrier gas: air; flow rate: 3.3 lpm

169

Morphology

Solid thin
crust
Solid thin
crust +shell
Porous thick
crust
Porous + solid
thick crust
Porous,
non-hollow

Figure
label

A.2a
A.2b
A.2c
A.2d
A.2e

a

b

c

d

e

Figure A.2 Particle morphology as observed on TEM. Precursor and reactor temperature are listed
in Table A.1.
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A.2

Effects of Reactor Temperature

The flow reactor is used to explore the synthetic conditions for the spinel LiMn2O4. XRD
analysis shows that at a wall temperature of 600 and 700 ºC, the as-synthesized powders
are single-phase spinel with an Fd!m symmetry. When the wall temperature is elevated
to 800 ºC, notable amount of Mn3O4 impurity is observed, as seen in Figure A.3. These
results indicate that impurity phase formation (oxygen loss reaction) occurs at a lower
temperature in the aerosol process. The reason may be explained as the small diameter
ceramic tube and smaller particle sizes allow a more efficient heat transfer, leading to
decomposition reaction. Therefore, high reactor temperature is not favorable for
synthesizing spinel LiMn2O4. XRD analysis also shows that the powder at 700 ºC shows
a sharper XRD pattern due to the better crystallinity as compared to that of the powder
produced at 600 °C. Thus, the powder made at 700 ºC is selected for further test and
optimization.

After annealing at 700 °C for 2 hours, the crystallinity of the powder is greatly improved
as indicated by the sharper XRD peaks in Figure A.4. The annealed LiMn2O4 can be
index as spinel type structure with a Fd!m symmetry. Cell refinement of the unannealed
powder shows that the lattice constant a is 8.235 Å. After annealing, the lattice constant
is reduced to 8.219 Å. The smaller lattice constant after annealing may be due to the
better crystallinity.
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Figure A.3 XRD patterns of LiMn2O4 powder synthesized at 600 ºC (bottom), 700 ºC (middle) and
800 ºC (top).

Figure A.4 XRD patterns of LiMn2O4 powders made in the aerosol flow reactor: (a) before annealing
and (b) after annealing at 700 !C for 2 hr.
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A.3

Particle Size Distribution and Morphology

Figure A.5 shows the size distribution of the as-produced LiMn2O4 powders with
aqueous precursor solution consisting of 0.5 moleL-1 LiNO3 and 1.0 moleL-1
Mn(NO3)2"4H2O (total salt concentration: 1.5 moleL-1). The preheater temperature is
300 °C and the reactor temperature is 700 °C. As measured by ELPI, the geometric mean
diameter of the as-produced powder is c.a. 0.63 &m with a geometric standard derivation
of 1.35, so that the powders are predominately submicron particles, with a few of them
falling into nano size (20 nm) and micron size ranges (c.a. 2 µm). The particle number
density is 6.5'106 #cm-3.

Figure A.5 Particle size distribution of LiMn2O4 from spray pyrolysis.
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The as-synthesized powder shows a highly porous structure with nano-sized primary
particles, and no hollow particle is observed, as seen in Figure A.6. This morphology is
consistent with the LiMn2O4 powders made in different pyrolysis systems [112, 113].
After annealing for 2 hours, the primary particles are sintered together forming bigger
crystallites. The annealed powder still remains polycrystalline and highly porous due to
the short annealing time.

a

b

Figure A.6 Morphology of LiMn2O4 powders made in two-stage flow reactor: (a) before annealing
and (b) after annealing at 700 °C for 2 hr.
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A.4

Electrochemical performance

The initial charge/discharge cycles of the as-synthesized powder and annealed powder
are shown in Figure A.7. The charge/discharge test was performed at C/10 rate between
3.0 and 4.3 V at LBNL. Both cells show the characteristic voltage plateaus at 4 V vs. Li,
indicating lithium insertion/extraction into tetrahedral site (8a) in the spinel framework.
The initial discharge capacity of unannealed powder is about 97 mAhg-1, in contrast to
126 mAhg-1 of the annealed powder. The low initial capacity of the as-synthesized
powder may be due to the low crystallinity or the high surface area of the powder. As
discussed before, poor crystallinity results in low structural integrity, leading to capacity
loss.

Figure A.7 Initial charge-discharge curves of LiMn2O4 powders (dash lines: as-synthesized powder;
solid line: annealed powder).
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The cycling performance of the annealed powder at C/10 charge/discharge rate was tested
at WU, as shown in Figure A.8. The cell shows a higher initial capacity of over 130
mAhg1 and it fades slowly. The annealed LiMn2O4 also show high capacity retention in
the first 17 cycles. At the 18th cycle, the capacity drops and then remains flat for the rest
three cycles. The fast capacity drop is expected due to the delamination of the thin film
electrode on the current collector.

Figure A.8 Cycling performance of LiMn2O4 annealed at 700 °C, at C/10 rate.
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Appendix B!
Spray Pyrolysis Synthesis of Spinel
LiNi0.5Mn1.5O4
B.1

Effects of Reactor Temperature and
Annealing Temperature

In the synthesis of LiNi0.5Mn1.5O4 via spray pyrolysis process, stoichiometric amount of
LiNO3, Ni(NO3)2"6H2O and Mn(NO3)2"4H2O are dissolved in water with a total salt
concentration 1.5 moleL-1.The preheater temperature is kept at 300 °C, and reactor
temperature varies between 400 °C and 800 °C. The powder produced at 700 °C is
further annealed at 600 °C and 800 °C for 2 hr. Figure B.1 shows that the spinel type
structure can be observed when the reactor wall temperature is as low as 400 °C, due to
the narrow decomposition window of the nitrate mixture, as discussed in Chapter 3. As
the reactor temperature increases to 700 °C, the spinel structure is more obvious in the assynthesized powder. As the reactor temperature rises to 800 °C, impurity phase was
produced. Therefore, the synthesis temperature of spray pyrolysis is significantly lower
that in solid-state reaction process. Since total salt concentration is the same to the
precursor solution for LiMn2O4 synthesis, the particle size distribution of LiNi0.5Mn1.5O4
is expected to be the same, having a mean diameter in submicron range.
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Figure B.1 XRD pattern of assynthesized LiNi0.5Mn1.5O4 at various temperatures K"0 spray pyrolysis.

Figure B.2 XRD pattern of LiNi0.5Mn1.5O4 after annealing at 600 °C, 700 °C and 800 °C. Powder is
produced at 700 °C K"0 the spray pyrolysis.
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The LiNi0.5Mn1.5O4 powder produced at 700 °C is further annealed for 2 hr at three
different temperatures: 600 °C, 700 °C and 800 °C. The XRD pattern of the powder
annealed at 600 °C is almost identical to the as-synthesized powder, which indicates no
significant increase in crystallite size heated at 600 °C, as seen in Figure B.2. The TEM
analyses also shows that no significant morphology changes occurs for the powder
annealed at 600 °C, as shown in Figure B.3. In contrast, the powder annealed at 800 °C
display a faceted morphology that the primary particles have sintered together forming a
single crystal structure. The XRD pattern of the powder annealed at 800 °C appears
sharper than the powders annealed at other temperatures, and it can be indexed as spinel
structure. The 800 °C annealed powder is expected to be single-phase LiNi0.5Mn1.5O4-!,
due to the high calcination temperature. The powders annealed at 600 °C and at 700 °C
have shown almost identical Bragg peaks to the 800 °C powder, except for the low
intensities and broadened peak from nanosized crystallite. From the XRD spectrums, it is
difficult to conclude that these powders are also oxygen deficient spinels LiNi0.5Mn1.5O4-!
(Fd!m). Another way to determine the structure is to measure the voltage profiles of the
cells by assembling test cells with these powders. It is known that the average valence of
Mn is 4+ in the perfect spinel LiNi0.5Mn1.5O4 (P4332) and it is c.a. 3.92 in
LiNi0.5Mn1.5O4-! (Fd!m) [50, 52]. Therefore, there is a redox reaction occurs for
LiNi0.5Mn1.5O4-! (Fd!m) between 3.0 and 4.3 V. For this reason, half-cells with powder
annealed at 600 °C and 800 °C were assembled and tested.
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b

a

c

Figure B.3 Morphology of LiNi0.5Mn1.5O4 as observed on TEM: (a) assynthesize powder; (b)
annealed at 600 °C for 2 hr; (c) annealed at 800 °C for 2hr. The 600 °C annealed powder shows an
identical morphology to the assynthesized powder.

Disordered spinel LiNi0.5Mn1.5O4! can be converted into ordered spinel LiNi0.5Mn1.5O4
under proper heat treatment by filling the oxygen vacancies with oxygen atoms. The
weight change between the two structures is measureable. For this reason, TGA analysis
is applied to study the oxygen vacancies in the spinel powders annealed at 600 °C and
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800 °C as seen in Figure B.4. The sample temperature ramps from room temperature
(23 °C) to 900 °C at 5 °Cmin-1 under an air flux, and then the samples follow an isotherm
at 900 °C for 1 hour. The samples are cooled down to 23 °C at 5 °Cmin-1. The perfect
spinel LiNi0.5Mn1.5O4 (P4332) annealed at 600 °C begins to lose weight slowly as the
temperature rises, and then its weight drops rapidly at c.a. 700 °C possibly due to a
severe oxygen loss reaction. After an isotherm at 900 °C for 1 hr, the total weight loss of
perfect spinel is 4.5% (Figure B.4a). As the temperature cools down, the oxygen loss
reaction is reversible and the sample weight remains constant, 97.7% of the initial weight.
The 2.3% irreversible weight loss is possible due to the absorbed moisture in the porous
LiNi0.5Mn1.5O4 annealed at 600 °C, as seen in Figure 3.Bb. In contrast, the face-centered
spinel LiNi0.5Mn1.5O4-! (Fd!m) appears to be more stable because it starts to lose oxygen
rapidly at c.a. 800 °C, which is higher than that of the LiNi0.5Mn1.5O4 (P4332). The net
weight loss is less than 2.5% after an isotherm at 900 °C for 1 hr. Most interestingly, the
face-centered spinel LiNi0.5Mn1.5O4-! (Fd!m) gains more weight at cooling, preferentially
because it uptakes more oxygen forming the perfect spinel LiNi0.5Mn1.5O4 (P4332). This
result confirms that the powder annealed at 800 °C is an oxygen-deficient spinel
LiNi0.5Mn1.5O4-! (Fd ! m). If assuming all the powders have the perfect spinel
LiNi0.5Mn1.5O4 structure, the oxygen deficiency ! in the LiNi0.5Mn1.5O4-! can be estimated
by comparing the weight differences between heating and cooling on the TGA curves.
With the TGA weight data acquired at 400 °C, the oxygen deficiency ! is calculated to be
c.a. 0.03, therefore the chemical formula of the powder annealed at 800 °C is
LiNi0.5Mn1.5O3.97.
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Figure B.4 TGA analysis of the powders annealed at 600 °C (a) and 800 °C (b).
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B.2

Electrochemical performance

The discharge voltage profiles of cells with powders annealed at 600 °C and 800 °C are
plotted and shown in Figure B.5. LiNi0.5Mn1.5O4 annealed at 800 °C has a short voltage
plateau near 4 V from Mn4+/3+ redox couple and two-stage plateau near 4.7 V from Ni4+/2+
redox couple. The average oxidation state of Mn therefore is less than 4+. For this reason,
the powder annealed at 800 °C is considered as oxygen deficient spinel LiNi0.5Mn1.5O4-!
(Fd!m). The 4 V plateaus are missing for the powder annealed at 600 °C at various Crates. This indicates that the LiNi0.5Mn1.5O4 annealed at 600 °C adopts an ordered cubic
spinel structure with P4332 space group in which all the Mn cations are tetravalent.

The rate performance and cycle performance are combined in a single test, as shown in
Figure B.6. Half-cells assembled with powders annealed at 600 °C and 800 °C are
initially cycled at C/10 rate and then C-rates are increased every 10 cycles until it reached
1C. The cells are eventually cycled at C/10 rate after the rate performance test between
C/10 and 1C. Disordered LiNi0.5Mn1.5O4-! (Fd!m) shows better capacity retention over
the nanostructured LiNi0.5Mn1.5O4 (P4332). After 150 cycles (including cycles at high Crates), disordered LiNi0.5Mn1.5O4-! (Fd!m) preserves over 91% of its initial capacity. In
contrast, nanostructures LiNi0.5Mn1.5O4 (P4332) only hold 70% of its initial capacity after
100 cycles.
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Figure B.5 Discharge voltage profile of electrodes with LiNi0.5Mn1.5O4! (800 °C) and LiNi0.5Mn1.5O4
(600 °C) powders.
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Figure B.6 Rate performance of LiNi0.5Mn1.5O4-! (800 °C) and LiNi0.5Mn1.5O4 (600 °C) powders.

In summary, spray pyrolysis can produce disordered LiNi0.5Mn1.5O4-! (Fd!m) and
ordered LiNi0.5Mn1.5O4 (P4332) after simple heat treatments. Disordered LiNi0.5Mn1.5O4-!
(Fd!m) has superior capacity retention over the nanostructured ordered LiNi0.5Mn1.5O4
(P4332) material and LiMn2O4 from spray pyrolysis. Without electrode and cell
optimization, disordered LiNi0.5Mn1.5O4-! (Fd!m) also display good rate capability up to
1C. Therefore, spray pyrolysis is capable in producing high-quality high-power cathode
materials with less energy and cost input.
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Appendix C!
Battery Performance Validation at
National Laboratories
Battery fabrication and testing are new at the LACER lab, so it is necessary to validate
these procedures employed in this research. An independent data validation can
incrementally add to a higher level of confidence for this work. The independent
validation was carried out at the Batteries for Advanced Transportation Technologies
Fabrication Laboratory (BATT Fab lab) at LBNL and the Electrochemical Analysis and
Diagnostics Laboratory at ANL for a variety of materials studied in this dissertation. An
example is given using flame-made LiNi0.5Mn1.5O4 powders, which were fabricated into
electrodes for coin cells and tested at LBNL and WU separately. The composition of the
electrodes is shown in Table C.1. The LBNL electrode has little more conductive carbon
than the WU electrode does. In addition to that, a different electrolyte was used at LBNL.

Table C.1 Electrode composition and test condition for flame-made LiNi0.5Mn1.5O4 powder.

Electrode Composition
Active material/PVdF/Carbon Black

Electrolyte

C-rate

WU

84:10:6

LiPF6 in EC+DMC (1:1)

1/10

LBNL

82:10:8

LiPF6 in EC+DEC (1:1)

1/10
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Regardless of the differences mentioned above, the two LiNi0.5Mn1.5O4 cells assembled at
LBNL and WU almost have identical performance at C/10 rate, as seen in Figure C.1.
The voltage profile near 4.7 V overlaps with one another at charge and discharge. In
addition, the charge and discharge capacities of the two cells are almost identical (within
5% error). The minor difference can be considered to be due to the experimental
uncertainties from the equipment and facilities. In summary, the WU test result is
validated by LBNL test, and the other test results in the dissertation herein are considered
true and accurate.

C/10

Figure C.1 Charge-discharge voltage profiles of LiNi0.5Mn1.5O4 electrodes assembled at WU and
LBNL.
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Appendix D!
Fabrication Procedure for Li-ion Coin
Cells
The following procedures were developed and revised based on the one designed at
LBNL specifically for the electrodes and coin cells consisting of spinel LiMn2O4,
LiNi0.5Mn1.5O4 and composite materials. The electrode composition or technical details
may vary as new materials are developed. Detailed information regarding electrode and
cell optimization, please contact LBNL for optimal procedures. (Last revised: 2011)

D.1

NMP-Based Binder Solution Preparation

Materials:
•

Active material: spinel LiMn2O4, LiNi0.5Mn1.5O4, and layered xLi2MnO3!
(1-x)LiNi0.5Mn0.5O2 composite materials , and such

•

Conductive carbon: Super-P carbon black [TIMCAL]

•

Binder: 12 % wt. polyvinylidene fluoride (PVdF) in N-methyl-pyrrolidone (NMP)
[Kureha 1200 (solution)]

•

Solvent: NMP [Sigma Aldrich]
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Equipment:
•

Vacuum oven

•

Homogenizer: Polytron PT10-35

•

Glove box with vacuum oven attached

•

100-300 ml jar

•

Scale and balance

•

Sonicator

Estimated time:
•

(1)

Overnight drying + 2 to 4 hr mixing of the binder solution

Determine binder solution composition

The binder solution is prepared to glue together the active cathode materials and also
provide electronic conductive carbon black in the electrode. The composition of the
binder solution depends on the cathode material chemistry and physical properties. The
total weight of PVdF and carbon black, and the ratio of them are based on LBNL coincell fabrication procedure and information from literatures. The concentration of binder
solution is not optimized yet.

Table D.1 Example of binder solution composition for LiMn2O4
Component

Chemistry

Weight %

Binder

PVdF

5

Conductive Carbon

Super-P carbon

3

Solvent

NMP

92
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Table D.2 Example of binder solution composition for Li1.2Ni0.2Mn0.6O2

(2)

Component

Chemistry

Weight %

Binder

PVdF

3

Conductive Carbon

Super-P carbon

3

Solvent

NMP

94

Pre-treat carbon black
1. Dry the acetylene black at 120-130 °C under high vacuum for at least 12 hours.
2. Store in glove box or under vacuum.

(3)

Prepare binder solution
3. Calculate the amount of 12 % wt. Kureha binder solution, carbon black and NMP
required for the electrode;
4. Take sufficient NMP from glove box and mix with Kureha binder solution in a
glass or plastic bottle;
5. Weight carbon black and mixed with the PVdF-NMP solution;
6. Cap/seal the container and shake the as-prepared binder solution till a black
solution is formed;
7. Homogenize the binder solution using sonicator for over 2 hr;
8. Store the binder solution in a ventilated place.
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D.2 Electrode Preparation
Materials:
•

Active material: spinel LiMn2O4, LiNi0.5Mn1.5O4, and layered xLi2MnO3!
(1-x)LiNi0.5Mn0.5O2 composite materials and such

•

Binder solution: as-prepared PVdF + Carbon black in NMP

•

Current collector: aluminum foil

Equipment:
•

Doctor blade (MTI)

•

Variable-speed, vacuum drawdown coater (MTI)

•

Calendering machine/roll press (MTI)

•

Homogenizer: Polytron PT10-35

•

Glove box with vacuum oven attached

•

High-accuracy balance

•

Micrometer

•

Punches: 1/2”, 9/16”, 11/16” and 15 mm

•

Hammer

•

Small jars: 10 ml

Estimated time:
•

Overnight drying at RT + 2 to 4 hr drying at 130 °C under vac. + 1 to 2 hr +
overnight drying 130 °C under vac.
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(4)

Prepare Cathode Slurry
9. Weight enough active cathode powders (c.a. 1 g or more) into a 10 ml jar;
10. Calculate the amount of PVdF and conductive carbon for the electrode;
11. Extract enough binder solution using a pipette from the binder solution container;
12. Drip sufficient binder solution as calculated to the active material in the 10 ml jar,
and recap the binder solution container;
13. Homogenize the slurry at a rate of 4000 rpm for at least 7 times (1 min each time)
to completely mix active material with PVdF and carbon black. A dark slurry will
form;
14. Remove the bubbles in the slurry by tapping the jar and resting it for few minutes;

Table D.3 Example of cathode slurry composition for LiMn2O4:PVdF:Carbon = 92:5:3

(4)

Component

Chemistry

Weight

Binder

PVdF

0.054 g

Conductive Carbon

Super-P carbon

0.033 g

Active material

NMP

1.0 g

Binder solution

PVdF/C in NMP

1.087 g

Prepare Cathode Thin Film
15. Set casting speed at 7 or 8 of the film casting machine;
16. Adjust the blade height of the doctor blade applicator, the reading is in SI unit
(e.g., reading 10 = 100 µm);
17. Clean the perforated vacuum surface on top the casting machine;
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18. Turn on vacuum and spread a Al foil (current collector) on the casting bench,
wipe down the foil and remove the wrinkles and bumps on the Al foil surface that
the current collector must be extremely flat;
19. Clean the flat Al surface with acetone and allow the acetone to evaporate before
casting the cathode film;
20. Roughen the current collector surface can improve the adhesion of cathode film to
the current collector to maintain a good lamination during drying.
21. Once everything is ready, pour the slurry on the Al foil across the front of the
blade;
22. Begin casting the film at a constant speed (20-30 cm min-1), the thin film
generated should be a smooth shinning wet coating on the current collector;
23. Once the cathode films is casted, remove/clean the doctor blade/film applicator
and cover the thin film with the plastic shield;
24. Dry the wet coating at room temperature overnight.
25.
(6)

Prepare Cathode Disc
26. After the electrode film is dried in the casting machine, cut the film into 1” wide
slices on a cutting board;
27. Transfer the cathode slices into vacuum oven, dry at 120-130 °C for 2-4 hr under
vacuum (30-50 milli torr);
28. After the films are completely dried, remove them from vacuum oven and
measure the thickness of active cathode film (= total cathode film thickness - Al
foil thickness);
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29. Optional: calender the electrode film using the calender machine, typically 90% to
100% to original thickness;
30. To calender the electrode, set the distance between the two rollers of the calender
machine;
31. Feed the electrodes through the rollers and manually roll the roller until the entire
film has been laminated;
32. Measure the thickness of the electrode with a micrometer; Repeat the process
until the desired thickness is achieved;
33. Clean the punches (14 mm) and hammers before punch electrode discs;
34. Align the punch over the area and punch out electrode disc with a hammer gently;
35. Store the punched electrode in the jar and label the jar;
36. Continue punching electrode discs until the entire strip is done;
37. Dry the electrodes for at least 12 hr at 120-130 °C under vacuum (30-50 milli
torr);
38. Measure the total weight of an electrode disc and the Al current collector weight,
label each jar containing the electrode discs.

D.3 Coin Cell Assembly
Materials
•

Coin cell parts (2032 type): coin cell cases (top and bottom), spring, gasket and
spacer

•

Anodes: lithium foil disc for half cells
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•

Cathodes: punched electrode discs

•

Separator: Celgard 2400 and 2500

•

Electrolyte

Equipment
•

Coin cell crimper

•

Glove box

•

Latex gloves

•

Punches for Li foil

•

Pipette

•

Plastic tweezers and weight boat

Estimated time:
•

10-20 minutes for each cell

•
(7)

Assemble Coin Cells
39. Flatten the cathode disc and put it into the bottom coin cell case with the current
collector facing down and attaching the case, center the electrode using a tweezer;
40. Confirm no dirt attached to the electrode surface or in the case;
41. Drip some electrolyte on the electrode till it’s fully wet;
42. Center one or two separators on the wet electrode and add more electrolyte to the
top separator surface till both components are fully wet;
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43. Attach the Li disc to the spacer, and slightly press the Li foil to flatten the surface.
Remove dendrite or any dirt if there is any;
44. The Li will contact with the separator facing down against the cathode;
45. Put spring on top of the spacer and center it;
46. Put the cap with gasket on top and seal the coin cell;
47. Check that all the components should be centered and aligned;
48. Flip over the coin cell and put it into the die of the battery crimper with anode
side () facing down and cathode side (+) facing up, the coin cell should be
centered and aligned with the die;

Figure D.1 Assembly of a 2032 coin cell.
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49. Open the valve on the crimper and start to repeatedly press the rod, the die will
move up with the coin cell in it;
50. When the die moves up and the coin cell contacts the upper die of the crimper,
watch the pressure gauge and slowly press it up until the die is completely closed
up, the pressure on the gauge should not exceed 800 psi;
51. Once the pressure reaches 700-800 psi, release the valve and the die will move
down with a sealed coin cell;
52. Clean the electrolyte leaked during pressing and the coin cell is assembled;
53. Begin cycle test once the coin cells are transferred out of the glove box.
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